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ABSTRACT
A novel transverse mode control method to achieve single-fundamental-mode
lasing and higher-order-mode suppression using a multi-layer, patterned, di-
electric anti-phase (DAP) filter is employed on the top of oxide-confined and
proton-implanted vertical-cavity surface-emitting lasers (VCSELs). Dielec-
tric layers are deposited and patterned on individual VCSELs in a wafer-
scale process to modify (increase/decrease) the mirror reflectivity across
the oxide aperture via anti-phase reflections, creating spatially-dependent
threshold material gain and VCSEL lasing mode control. A one-dimensional
(1D) plane-wave propagation method is used to calculate the dielectric layer
thicknesses in each spatial region needed to facilitate or suppress lasing. A
Quasi-3D oxide-confined VCSEL model is formulated using a combination
of variations of the propagation matrix method, the weighted effective index
method, and the step-index fiber mode dispersion (BV) curves to properly
calculate the effect of the DAP filter on the calculated cavity modes as well as
determine the optimal radial proportions of the filter. A single-fundamental-
mode, continuous-wave output power greater than 4.0 mW is achieved on an
oxide-confined VCSEL at a lasing wavelength of 850 nm with a side-mode
suppression ratio (SMSR) greater than 25 dBm. Proton-implanted VCSELs
achieve a single-fundamental-mode, continuous-wave output power of up to
3.5 mW with a SMSR of 25 dBm. The behavior of the proton-implanted
devices both with and without the DAP filter illuminates an unobserved
annular thermal guiding mechanism even in smaller device sizes, contrary
to historical models which have calculated or assumed a parabolic refrac-
tive index or gain-guided profile. A finite difference, self-consistent thermal,
electrical, and optical model is developed and agrees well with the observed
results both with and without the DAP filter. The dielectric anti-phase filter
is an additive, non-destructive method that allows for mode selection at any
lasing wavelength and for any VCSEL layer structure or design without the
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need for destructive etching techniques or epitaxial regrowth. It also offers
the capability of a tailored filter design based on available materials and
deposition methods.
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CHAPTER 1
INTRODUCTION
1.1 State-of-the-Art of Single Mode VCSELs
The evolution of the VCSEL to its modern form can be traced back more
than half a century [1], beginning with the demonstration of coherent emis-
sion parallel to the injection current by Melngailis in 1965 [2]. However, it
was not until over a decade later in 1976 that the concept of a distributed
Bragg reflector (DBR), one of the fundamental building blocks of the modern
VCSEL, was introduced in a patent by Scifres and Burnham [3]. In 1979 a
p-n junction InP-based surface emitting laser (SEL) using metal mirrors, but
with no DBR, was demonstrated by Soda and Iga under pulsed operation
at cryogenic (77 K) temperatures, a device that is widely considered to be
the first laser with a form factor similar to modern VCSELs [4]. Work by
Iga’s group persisted and in 1989, ten years after their first demonstration,
they achieved room temperature, continuous wave (CW) lasing using a GaAs
p-n junction and SiO2/TiO2 dielectric DBR in combination with Au as the
upper and lower mirrors. The important application of the lateral wet ox-
idation of AlxGa1−xAs [5, 6] to confine both light and current by Deppe in
1994 [7] set in motion the development of the oxide-confined VCSEL, which
advanced to commercial success alongside proton-implanted devices intro-
duced in 1989 [8].
Modern VCSELs are nearly ubiquitous in modern society thanks to their
low manufacturing costs, small footprint, high reliability, and low power con-
sumption. Potential and current uses for both oxide-confined and proton-
implanted VCSELs span a wide range of applications, from optical communi-
cation networks (both short-reach in the 850 to 1060 nm range and long-haul
at 1310 nm and 1550 nm), to position sensors such as optical computer mice,
high-performance computing, laser printing, gas sensing, optical storage, and
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heat-assisted magnetic recording (HAMR). One issue experienced by many
of these applications is the need for milliwatt-level or higher output powers in
only a single transverse mode, something that VCSELs continue to struggle
to deliver compared to traditional edge-emitting lasers.
Due to their short optical cavity lengths, typically on the order of λ, VC-
SELs are inherently single-longitudinal-mode in the wavelength region of
interest since the free spectral range (FSR), the Fabry-Perot mode spacing,
is wider than the reflection bandwidth of the top and bottom DBR mirrors.
However, the relatively large radial size compared to the emission wave-
length means VCSELs can support multiple transverse modes. Not only
does the addition of more transverse modes increase the linewidth of the
emission spectrum, the radial intensity profiles of the higher-order modes
exhibit peaks that are off the central axis of the device, increasing the diver-
gence angle of the output. The number of supported transverse modes rises
rapidly as the lateral dimensions increase, resulting in an inherent trade-off
between maintaining single-mode operation and increasing the optical out-
put power. Many different methods have been implemented with varying
degrees of success in an attempt to increase the single-mode output power
by modifying the transverse guiding properties of the waveguide and/or in-
troducing mode-dependent loss or gain through spatial modification of the
mirror loss [9]. While a detailed analysis of each method is not presented,
they include metal windows [10], long, monolithic active region cavities [11],
monolithically integrated backside curved mirrors [12], antiresonant reflecting
optical waveguides (ARROWs) [13], holey structures [14], photonic crystal
structures [15], impurity induced disordering of the upper DBR [16], buried
tunnel junctions with a bottom semiconductor contact layer designed to sup-
press spatial hole burning [17], and etched surface-relief [18]/inverted surface-
relief [19, 20]. While some of these devices have seen success in achieving
multi-milliwatt single-fundamental mode output powers, the disadvantage of
many is the requirement of complex epitaxial growth methods and device
processing, limiting their scaling to volume manufacturing.
Surface-relief based oxide-confined devices are promising for commercial
applications in the high-speed market with a packaged VCSEL at 850 nm
recently achieving error-free bit rates of 71 Gb/s at 25◦C and 50 Gb/s at
90◦C [21]. They have also been used to achieve single-fundamental-mode
output powers up to 6.3 mW for an inverted surface-relief device emitting at
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850 nm [20]. However, one drawback is that both methods require a precise
etch of the upper layer. The optical design requirements prevent the inclu-
sion of an etch-stop below the etching layer meaning wet chemical etching is
not practical the process cannot be reasonably controlled in volume manu-
facturing with the required tolerance. Heavy-ion argon milling has sufficient
accuracy though the process can cause physical damage to the underlying
layers of the top DBR, resulting in an increase in scattering, absorption,
and defect density and a decrease in VCSEL performance, stability, and life-
time [22]. Dry etching via reactive ion etching can be used but this technique
requires an etch uniformity range across the entire chip of less than 50 nm
for inverted surface-relief and less than 20 nm for surface-relief, along with
precise knowledge of the etch rate on a run-to-run basis in order to effectively
utilize laser-interferometry based end point detection systems.
1.2 Organization of the Dissertation
A new method for mode selection is described that eliminates semiconductor
etching or regrowth by utilizing the patterned deposition of dielectric ma-
terials on the top surface of a VCSEL wafer to create or reduce spatially
dependent out-of-phase reflections, thereby suppressing higher-order mode
lasing and creating preferential lasing of the fundamental mode. On oxide-
confined devices, the deposition of a three-layer, patterned, dielectric anti-
phase (DAP) filter consisting of silicon dioxide (SiO2) and titanium dioxide
(TiO2) results in single-mode output powers greater than 3 mW at 850 nm
with side-mode suppression ratios (SMSRs) ≥25 dBm for all device sizes,
with a maximum single-mode output power greater than 3.5 mW [23]. After
the removal of the thick GaAs substrate using a chemical-mechanical lap-
ping and polishing process and In-bonding to a copper block for improved
thermal performance, single-fundamental-mode output powers increased uni-
versally and the maximum single-mode output power is improved to greater
than 4.0 mW with a SMSR of >25 dBm [24]. On proton-implant VCSELs, a
two-layer, patterned DAP filter consisting of a blanket SiO2 layer and a circu-
larly patterned TiO2 layer designed to facilitating fundamental mode lasing
results in a single-mode output power of up to 3.498 mW with a SMSR of 25
dBm [24]. The modal behavior of the proton-implanted VCSELs both with
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and without the DAP filter, in which the fundamental Gaussian mode is not
observed to reach threshold and the lasing output is dominated by higher-
order daisy-like modes, illuminates device physics that have not previously
been observed, including the formation of an annular waveguide due mainly
to the thermal increase in the refractive index of the upper distributed Bragg
reflector (DBR) as a result of Joule heating by a current density distribu-
tion with large peaks near the edge of the implant aperture, indicative of a
phenomenon known as current crowding. A thermal-electrical-optical model
is formulated that not only explains the unique threshold modal behavior of
the particular devices studied, but is also consistent with the results from
prior proton-implanted VCSELs in which the fundamental mode is the first
to reach threshold [25–28]. The model represents a shift in analysis of proton-
implanted VCSELs compared to previous studies which concluded that the
modal properties are influenced mainly by a complex parabolic or square-
law refractive index profile in the active region itself due to a combination of
current spreading, spatial hole burning, thermal gradients, and gain guiding
effects [27, 29–31]. Even in the more complex beam propagation method,
where the mode is propagated throughout the entire structure until a self-
consistent solution for the profile is obtained which is independent of the
initial input beam, when the effects of the temperature increase in the pas-
sive regions of the device - the DBR mirrors and spacer layers in the cavity
- are included, the primary assumption is still a Gaussian profile with the
main emphasis on the active region [32]. However, these assumptions, even
with annular carrier distributions in the active region, still led to the con-
clusion that the fundamental Gaussian mode will always be the first mode
to reach threshold even when the device switches from gain-guided to index-
guided at higher drive currents, a result which is not true in the anti-phase
proton-implant VCSELs presented in this work.
Chapter 2 discusses the basic requirements of a laser, including the cav-
ity resonance and lasing conditions, and develops a detailed description of
the distributed Bragg reflector (DBR) using the one-dimensional (1D) plane-
wave propagation matrix method [33]. The knowledge of how a DBR mirror
functions will be important in developing the anti-phase filter. An approxi-
mation for weakly-guided oxide-confined VCSELs is presented in which the
device can be described as a step-index fiber with a core refractive index ncore
(the oxide aperture) and cladding refractive index nclad (the oxidized regions)
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separated by a very small amount (ncore - nclad ≈ 0). The transverse modes of
this fiber (VCSEL) can be described in terms of a combination of the Bessel
function of the first kind J and the modified Bessel function of the second
kind (or modified Hankel function of the first kind) K, which are known as
the linear-polarized LPlp modes, where l and p represent the azimuthal and
radial mode order, respectively. On the other hand, proton-implanted VC-
SELs do not have a built-in refractive index difference between the pumped
and un-pumped regions of the device. As such, they are historically described
as gain-guided at low injection currents, in which the presence of gain in a lo-
calized portion of the active region counteracts both the diffraction losses and
anti-guiding by the reduction in refractive index of the active region by the
presence of injected carriers experienced by the mode (a phenomenon origi-
nally theorized and observed in the 1960s and 1970s in stripe edge-emitting
lasers [34–37]), and as a thermal lens at higher injection currents due to the
increase in temperature, and therefore refractive index, from non-radiative
recombination and absorption of spontaneous emission in the active region
as well as resistive Joule heating in the upper DBR, assuming a top-emitting
VCSEL.
Using the one-dimensional (1D) plane-wave propagation matrix method
and the fiber approximation of the oxide-confined VCSEL, a Quasi-3D model
is developed in Chapter 3 to calculate mode-specific threshold properties with
the end goal of determining the optimal thickness values for each layer of the
dielectric anti-phase filter, as well as the ideal lateral filter dimensions of
the patterned layers. Relevant threshold properties that are calculated using
this method include the threshold material gain, optical confinement factor,
the threshold modal gain (a product of the threshold material gain and the
optical confinement factor), and the photon lifetime. The 850-nm VCSEL
structure, provided by Epiworks, Inc., is presented along with an analysis of
the plane-wave properties of the VCSEL wafer, information which is essential
to the oxide-confined Quasi-3D model as well as the dielectric anti-phase filter
functionality.
Chapter 4 presents measured results from oxide-confined VCSELs emitting
near 850 nm, fabricated by the author in the Micro- and Nanotechnology Lab-
oratory (MNTL) cleanroom. The determination of the dielectric anti-phase
filter properties based on the 850-nm VCSEL layer structure is presented, fol-
lowed by room temperature, continuous wave (CW) optical output power and
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voltage versus current (LIV) and emission spectra measurements of VCSELs
of differing oxide aperture sizes at each stage of the filter deposition. The fa-
cilitation of single-fundamental-mode lasing is clearly shown, confirming the
effectiveness of the DAP filter as a mode-selection element. The unique prop-
erties of the smallest oxide-confined device (with an oxide aperture radius of
1.75 µm) are discussed in relation to the detrimental and important effects
of process variability on the anti-phase reflection of this particular 850-nm
VCSEL layer structure.
Chapter 5 presents measured results from proton-implanted VCSELs fabri-
cated from the same 850-nm wafer as the oxide-confined devices discussed in
Chapter 4. Room temperature continuous wave electrical (LIV) and optical
(emission spectra) performance both before and after the deposition of two
types of DAP filters, one a two-layer SiO2/TiO2 filter and the other a single
layer amorphous silicon (a-Si) filter, are analyzed. While the facilitation of
fundamental mode lasing after the deposition of the DAP filter is observed,
the performance of the proton-implanted VCSELs differs dramatically from
the oxide-confined devices and is inconsistent with the previously observed
features of proton-implanted VCSELs designed for low threshold operation.
As mentioned previously in this section, the assumptions made in historical
models, particularly the idea that the function form of the complex refrac-
tive index in proton-implanted VCSELs is parabolic, do not account for the
features of the measured devices presenting in this work both before and af-
ter the DAP filter deposition. As such, a thermal-electrical-optical model is
developed in Chapter 6 that is consistent with both the work conducted by
this author and past proton-implanted VCSEL results.
The outlook of the DAP filter as a mode control element on VCSELs is dis-
cussed in Chapter 7. Specifically, since the DAP filter is a non-destructive,
additive method that can be applied on any VCSEL layer structure post-
fabrication, it can potentially be used in combination with various other
mode control elements such as impurity-induced disordering of the top DBR
mirror via zinc diffusion [38]. Since the spatial modification of the mirror loss
brought about by the dielectric anti-phase filter corresponds to a modification
of the photon lifetime, it is possible to use the filter to selectively decrease the
photon lifetime of higher-order modes or of the fundamental mode, depending
on the layers used and the pattern configuration (for example, a pillar cen-
tered over the oxide aperture versus an annulus). This offers the intriguing
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ability to study the effects of the DAP filter on the small-signal modulation
properties oxide-confined or proton-implanted VCSELs as a function of the
photon lifetimes of the individual modes.
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CHAPTER 2
VCSEL FUNDAMENTALS
2.1 Laser Basics
Two things are required for the creation of a laser: the existence of a cavity
to provide optical feedback and the presence of a gain material to supply
photons to the cavity. In the case of VCSELs, the cavity is formed by two
parallel mirrors, most commonly distributed Bragg reflectors (DBR), which
will be discussed later. The gain material of modern VCSELs is typically
formed from multiple quantum wells (QWs) sandwiched between the two
DBR mirrors inside a half-integer multiple λ-thick cavity, though quantum
dots (QDs) have been used as well [39]. The resonance condition which
determines the free-space emission wavelength λ0 can be written as:
L = m
λ0
2n
(2.1)
where L is the cavity length of the VCSEL (the region between the top and
bottom DBR mirrors) and n is the spatially averaged refractive index of the
cavity.
The lasing condition of a VCSEL is exactly the resonance condition of a
Fabry-Perot cavity; that is, the field at threshold must replicate itself after a
single round trip. In other words, the phase shift of the wave after one round
trip must be equal to an integer multiple m of 2pi and the amplitude of the
standing wave after one round trip must be equal to the original amplitude.
The lasing condition can be written as:
RtopRbottome
iφtopeiφbottomei2βL = ei2mpi = 1 (2.2)
where Rtop and Rbottom are the power reflectance values and φtop and φbottom
are the reflectance phase shifts of the top and bottom DBR mirrors, respec-
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tively. β is the complex propagation constant of the wave in the VCSEL:
β = βc + i(αi − Γgth) (2.3)
where βc is the plane-wave wavenumber in the structure, αi is the intrin-
sic loss, typically an averaged quantity including the effects of absorption,
scattering, and other loss mechanisms, Γ is the energy confinement factor
representing the three-dimensional overlap of the standing wave pattern with
the gain region, and gth is the threshold material gain. The quantity Γgth is
known as the threshold modal gain.
Inserting Eq. 2.3 into Eq. 2.2 the resonant plane-wave wavelength and
threshold material gain of the structure can be determined. The phase con-
dition is derived from the imaginary part of the resulting equation and is
written as:
φtop + φbottom + 2βcL = 2mpi (2.4)
Since the cavity wavenumber, βc, can be related to the free-space wave-
length λ0 by
βc =
2pin
λ0
(2.5)
where n is the refractive index of the cavity, the resonant wavelength of the
laser can be calculated assuming the cavity length L is known.
The real part of Eq. 2.2 after inserting Eq. 2.3 reveals the amplitude replica-
tion condition. That is, along with the phase condition, the lasing condition
is only satisfied once the threshold modal gain of the structure equals the
total losses, as shown in the following equation:
Γgth = αi + αm = αi +
1
2L
ln
(
1
RtopRbottom
)
(2.6)
Eq. 2.6 highlights another important factor concerning lasers: having gain
in general is not a sufficient condition for lasing; instead, there must be
enough gain to equal any losses in the cavity. It is also important to note
that the threshold modal gain is actually a measure of the total losses of
the structure and the energy confinement factor and threshold material gain
are not independent quantities. If the gain region is moved to decrease the
overlap with the field intensity, the threshold material gain will increase by
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the amount needed to keep the quantity Γgth the same. However, if either
the mirror or intrinsic loss changes, Γ and gth can change independently such
that Eq. 2.6 is satisfied. When this condition occurs, any additional carriers
injected into the gain region contribute directly to stimulated emission and
the laser output power increases dramatically.
In a more general sense the lasing condition can be written as:
rtoprbottom = 1 (2.7)
where rtop and rbottom are the complex reflection coefficients containing all
information about the phase and loss/gain in the structure, unlike in Eq. 2.2
where the gain, loss, and mirror phase shift terms are separated. This elimi-
nates the need for the calculation of an effective cavity length, Leff [40, 41],
which must account for the finite penetration depth of the standing wave
pattern into the top and bottom DBR mirrors. Using Eq. 2.7 and the propa-
gation matrix method [33], the plane-wave resonant wavelength and thresh-
old material gain of the entire structure can be calculated from the real and
imaginary parts, respectively.
Unlike edge-emitting lasers, which can have cavity and gain lengths on the
order of hundreds of µm, VCSEL cavity lengths are on the order of hundreds
of nanometers long and the gain regions, typically quantum wells (QWs), are
only tens on nanometers thick. This means that the power reflectance values
of each mirror must be near 100% to keep the mirror loss αm in Eq. 2.6 at an
acceptable level. This can be achieved through the use of distributed Bragg
reflectors, discussed in Sec. 2.2, alternating quarter-lambda thick layers of
high and low refractive index that can reach over 99% reflectance after a
dozen or so pairs.
2.2 Light Confinement in the VCSEL
While the implementations of mode selection elements on VCSELs to achieve
high-power single-mode lasing vary dramatically, there are two common prin-
ciples shared across all devices that need to be satisfied for the VCSEL to
function in general: light needs to be confined in both the longitudinal and
transverse directions and the current needs to be confined in the transverse
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direction to ensure satisfactory injection of carriers into the active region.
Multiple methods for laterally confining both light and/or current have been
developed, such as oxide apertures (both light and current), photonic crystal
structures (light), gain-guiding/thermal lensing (light), high energy proton
implantation (current), buried tunnel junctions (current), and, more recently,
so-called lithographic VCSELs (both current and light) [42]. However, there
is currently only a single, widely used method to confine light longitudinally:
distributed Bragg reflectors (DBRs). A newer class of mirror for longitu-
dinal light confinement, the high-contrast grating (HCG), is under develop-
ment [43–45] and could in theory supplement or replace DBRs in the future,
but fabrication complexity and process control issues have thus far limited it
to laboratory settings.
In the following sections, the operational principles of the DBR will be
introduced along with one of the most robust and commonly used methods
of confining current and light in the transverse direction: the oxide aperture.
2.2.1 Distributed Bragg Reflectors and the Propagation
Matrix Method
Due to the extremely short cavity lengths (on the order of a hundred nanome-
ters) found in VCSELs, the mirror loss term αm in Eq. 2.1 will grow to dis-
proportionately large values if single-interface mirrors like the ones in edge-
emitting lasers are used, which typically have a power reflectance of ≈ 30%.
Since the threshold material gain gth of a laser is linearly proportional to the
mirror loss, which itself is inversely proportional to the cavity length, power
reflectance values close to 100% are needed to keep the total loss, and thus
threshold condition, at reasonable values. The distributed Bragg reflector is
just such a mirror; it can achieve close to 100% power reflectance with just
one or two µm of material. However, the mechanism by which it operates
is dramatically different from that of a typical single-interface mirror, and a
discussion on the effect of multiple interfaces, materials, and thicknesses is
necessary.
When a plane wave is incident on a planar boundary between two homo-
geneous, isotropic media with purely real refractive indices n1 and n2, part of
the wave is transmitted and part is reflected. In the absence of absorption or
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scattering, the intensity of the transmitted and reflected waves must add up
to the intensity of the incident wave. The fraction of the incident wave that
is reflected is given by the power reflectance R, which takes a value between 0
(no reflection) and 1 (total reflection), while the fraction that is transmitted
is given by the power transmittance T . Power conservation requires that R
+ T = 1, meaning T is also constrained between 0 and 1. If a wave traveling
in material n1 meets the interface between n1 and n2 at normal incidence,
the reflectance can be written as:
R =
(
n1 − n2
n1 + n2
)2
(2.8)
The addition of more materials with different refractive index values and
finite thicknesses greatly increases the complexity of the analysis since the
waves inside each layer will experience reflections and transmissions at each
interface. An interesting and important consequence of the additional layers
is that the different reflected and transmitted waves within each layer and in
the incident layer will interfere with each other, resulting in an increase or
decrease of the total wave intensity depending on the phase φi of each wave
at a given point. If the phase difference ∆φ between the waves is 0 or an
integer multiple of 2pi (i.e. ∆φ = 2mpi, m = 0,1,2...), the waves are said to
constructively interfere and the resulting intensity is maximized. If ∆φ is an
odd-integer multiple of pi (∆φ = mpi, m = 1,3,5...) the waves destructively
interfere and the intensity at that point becomes 0.
DBRs in VCSELs achieve high reflectance via this principle of constructive
interference by using alternating layers of high and low refractive index ma-
terials, each with a thickness equal to a quarter of the resonant wavelength in
each layer, also known as the Bragg wavelength λB, divided by the refractive
index of the material. In other words:
ti =
λB
4ni
(2.9)
The choice of alternating layers and their respective thicknesses is not ran-
dom and to understand how it leads to constructive feedback and, therefore,
high reflectance, it is important to discuss the two effects that impart a phase
shift ∆φ to a wave. In both cases the wavelength will simply be referred to
as the Bragg wavelength λB. The first effect is purely due to the propagation
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of an oscillating wave in space. If the wave propagates a certain distance d
in a material with a real refractive index ni, the phase change is simply:
∆φ =
2pi
λB
d · ni (2.10)
The quantity d ·ni in Eq. 2.10 is referred to as the optical thickness. For an
optical thickness of λB/2 the accumulated phase difference is ∆φ = pi. If the
optical thickness increases to λB the phase difference increases to 2pi, which,
as mentioned before, is equivalent to a phase difference of 0. The second
effect that imparts a phase shift is the reflection at the interface between two
materials n1 and n2. The conditions are simple: assuming a wave is traveling
in n1 and is incident on an interface between n1 and n2, if n1 < n2 then ∆φ
= pi and if n1 > n2 then ∆φ = 0. In a DBR structure, the combination
of alternating high and low refractive index layers and their λB/4 optical
thickness imparts a round-trip phase shift of ∆φ = 2pi = 0 and results in a
wave that constructively interferes at each point in space.
The calculation of the power reflectance of a plane wave due to a DBR stack
can be determined using the simple, yet powerful, tool of matrix optics [33].
In the following approach, referred to as the propagation matrix method, the
reflected and transmitted field amplitudes at the beginning and end of an
arbitrary planar layer structure can be related by a 2 × 2 matrix as follows:[
A1
B1
]
= M
[
A2
B2
]
(2.11)
where A1 is the amplitude of the incident field, B1 the amplitude of the re-
flected field, A2 the amplitude of the transmitted field, and B2 the amplitude
of the field incident on the other side of the structure. Simple schematics
of the formalism for a plane wave incident on an interface between two ma-
terials and for the propagation of a plane wave through a uniform layer of
thickness h are shown in Fig. 2.1(a) and Fig. 2.1(b), respectively. Assuming
a plane wave that is TE (transverse electric) polarized, the total electric field
for case (a) in medium 1 can be written as:
E1y =
(
A1e
−ik1zz +B1eik1zz
)
eik1xx (2.12)
In medium 2, the electric field is:
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Figure 2.1: Schematics of the incoming and outgoing plane wave field
amplitudes for (a) an interface between two materials of refractive index n1
and n2 and (b) propagation of the plane waves through a material with
constant refractive index and thickness -h, to be used for the construction
of the matrix elements for the propagation matrix method.
E2y =
(
A2e
−ik2zz +B2eik2zz
)
eik2xx (2.13)
In case (b), since the material is uniform, the change in field amplitudes
at the same point on the x-axis can be related by the propagation distance
∆z along the z-direction:
Ey(z) =
(
A1e
−ikzz +B1eikzz
)
eikxx (2.14)
And after propagation:
Ey(z + ∆z) =
(
A2e
−ikz(z+∆z) +B2eikz(z+∆z)
)
eikxx (2.15)
While Fig. 2.1 clearly describes a wave traveling at an angle relative to
any boundaries, the following equations will be presented assuming normal
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incidence, meaning kix = 0. The matrix form M for the transmission at an
interface shown in Fig. 2.1(a) can be derived by matching the appropriate
boundary conditions, specifically that both the transverse electric fields Ey
and magnetic fields Hx = (1/iωµ)(∂Ey/∂z) must be continuous at the in-
terface between the two media. Note that for an wave incident obliquely
on the interface, phase-matching and the boundary conditions dictate that
k1x = k2x.
M =
1
2
[
1 + P12 1− P12
1− P12 1 + P12
]
= T12 (2.16)
where:
P12 =
µ1k2z
µ2k1z
=
n2
n1
(2.17)
In this case, kiz = (2pini)/λ and the permeability µi of each layer is equal.
A similar derivation gives the matrix form M for a plane wave propagating
in a uniform medium from Fig. 2.1(b):
M =
[
e−ikzh 0
0 eikzh
]
= P (2.18)
The (order dependent) combination of an interface between layer 1 and
layer 2 followed by the propagation through a distance h in layer 2 is given
by:
M = T12P2 =
[
(1 + P12)e
−ik2zh (1− P12)eik2zh
(1− P12)e−ik2zh (1 + P12)eik2zh
]
(2.19)
The M matrix for any arbitrary structure, including DBR, can be con-
structed using combinations of Eq. 2.19 for any number of materials, inter-
faces, and layer thicknesses. In this work, the propagation matrix analysis
of the DBR begins from the output layer of the structure (air for the top
DBR and the GaAs substrate for the bottom DBR) and is calculated back in
towards the cavity, which is referred to as the backwards propagation matrix
method. In this case, the M matrix in Eq. 2.19 would be written as B12. If
the transmission region is labeled as region N + 1 and the incident region
is labeled as region 0, the problem can be simplified in the case of a DBR
used in a VCSEL by recognizing that there is no wave incident on the struc-
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ture from region N + 1 so BN+1 = 0. Also, for a given incident field with
amplitude E0, the reflected field will have amplitude in region 0 of rE0 and
the transmitted field in region N + 1 of tE0, where r and t are the complex
reflection and transmission coefficients, respectively, and are related to the
power reflectance and transmittance by R = |r|2 and T = |t|2. The final
matrix form for the structure can be written as:
[
E0
rE0
]
= B01B12B23 · · ·BN(N+1)
[
tE0
0
]
(2.20)
=
[
b11 b12
b21 b22
][
tE0
0
]
(2.21)
Solving Eq. 2.21 gives the transmission coefficient for the multilayered
medium:
t =
1
b11
(2.22)
The reflection coefficient is:
r =
b21
b11
(2.23)
Both r and t are complex values and can be written as a phasor:
rtotal = re
iφDBR (2.24)
In this case, φDBR, which can be calculated along with R using this ap-
proach, is the total reflectance phase shift imparted by the DBR structure.
As seen in Eq. 2.2 this phase term is important since it helps determine
the resonant wavelength of the VCSEL structure itself when the round-trip
phase is calculated. It is also necessary to note that if the field amplitude
coefficients for each individual layer are known, the field itself can be calcu-
lated. Assuming a plane wave at normal incidence in layer l with a transverse
electric field in the y-direction, the field can be written as El = yˆE
l
y, where:
Ely =
[
Ale
−iklz(x+dl) +Bleiklz(x+dl)
]
(2.25)
In this equation, the position x = -dl corresponds to the interface between
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layers l and l+1. This allows the standing wave pattern for an entire VCSEL
structure (top DBR, bottom DBR, and cavity) to be plotted. The impor-
tance of the ability to generate the standing wave pattern will become clear
in Chapter 3 when it is used to calculate multiple fundamental VCSEL pa-
rameters for the Quasi-3D model, such as the field-weighted refractive index
and the z-direction confinement factor, Γz.
With the backwards propagation matrix method in hand it is possible to
numerically calculate both the power reflectance and the phase shift of a
DBR structure over a wide range of wavelengths. However, before doing this
it is necessary to clarify the effect of a seemingly small detail: the order of the
alternating layers that constitute a single DBR pair. Consider a substrate
with a real refractive index nsub that has a DBR structure grown on top,
emitting into air which has a refractive index nair = 1. In this situation,
light is normally incident on the DBR from inside the substrate. As before,
the real refractive index values for the two different layers in each DBR pair
are n1 and n2 (both are > nair) and the order of the layers, including the
substrate, is always:
nsub/n1/n2/n1/n2/ . . . (2.26)
If n1 < n2, the order of the DBR pair is low/high (L/H). From the per-
spective of an observer standing at the interface between the substrate and
the first layer, that L/H ordering must be maintained throughout the entire
structure to ensure constructive interference from each layer and interface;
the higher refractive index layer must always be followed by the lower re-
fractive index layer, and vice versa. The important point is that this must
include the output air layer, which has a lower refractive index than either
of the DBR pair layers. Thus, the structure must end on the high refractive
index layer, n2 in this case, and the mirror consists of an integer number, N ,
of DBR pairs with a total of 2N layers.
If n1 > n2, the order of the DBR pair is high/low (H/L) and is now switched
from the perspective of the aforementioned observer. The final layer in the
mirror must still be the high refractive index layer, n1 in this case, since the
output material is air, but the mirror now consists of a half-integer number,
N + 1/2, of DBR pairs with a total of (2N + 1) layers. As a final note, if the
output layer is changed from air to a material with a refractive index nout
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greater than both n1 and n2, the formalism discussed above is completely
inverted. However, since the wafers used to fabricate the VCSELs discussed
later in this dissertation were grown with n1 > n2 and the mode selection
method introduced depends on a modification to the top of the VCSEL itself,
the rest of this section on DBR will assume nout = nair = 1 and also a half-
integer number of DBR pairs.
In both scenarios, n1 < n2 and n1 > n2, the standing wave pattern should
be an anti-node at the interface moving from a high to low layer (H-to-L)
and a node at the interface moving from a low to high layer (L-to-H). This is
due to the phase shift imparted by an interface that was discussed earlier in
this section. Since ∆φ = pi at a L-to-H interface, the incoming and reflected
waves destructively interfere to form a node. At the H-to-L interface, ∆φ
= 0 and the incoming and reflected wave interfere constructively to form an
anti-node.
Using the backwards propagation matrix method, the power reflectance
as a function of wavelength at normal incidence is calculated and plotted in
Fig. 2.2 for 8.5 (black dash-dot line), 10.5 (red dashed line), and 20.5 (solid
blue line) pairs. The DBR consists of Al0.15Ga0.85As/Al0.90Ga0.10As layers
with thicknesses corresponding to λB = 850 nm. The refractive index at 850
nm is n0.15 = 3.5295 and n0.90 = 3.0615, making the difference ∆nDBR =
0.468. The wavelength dispersion of the refractive index is included in the
calculation of n for all AlxGa1−xAs layers [46]. As the number of DBR pairs
increases, the reflectance at the Bragg wavelength also increases. However,
R quickly experiences diminishing returns: increasing the number of pairs
from 10.5 to 20.5 only increases R from 93.43% to 99.61 %. Since R cannot
exceed 100%, any additional pairs will only serve to asymptotically increase R
towards this maximum value over the entire stop band of the DBR reflectance
spectra, defined as the range between the two wavelengths at which R drops
to 90%. The stop band for the 20.5 AlGaAs-based DBR pairs plotted in
Fig. 2.2 is 72 nm. If the index contrast ∆nDBR of the layers in the DBR
pair is increased, the width of the stop band will also increase. It should be
noted that the reflectance versus wavelength spectrum will only drop to 0%
outside of the stop band if the output material has the same refractive index
as the substrate (nout = nsub). In all other cases the minimum value will be
greater than 0%.
Fig. 2.3 plots R and φDBR normalized by pi as a function of wavelength for
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Figure 2.2: Power reflectance R over the wavelength range from 780 nm to
920 nm for Al0.15Ga0.85As / Al0.90Ga0.10As distributed Bragg reflector
(DBR) pairs designed for a Bragg wavelength of 850 nm. As the number of
pairs increases, the power reflectance near the Bragg wavelength quickly
rises.
20.5 pairs of DBR at a distance of λ/(4nsub) into the substrate. As expected,
the reflectance phase at the Bragg wavelength due to the DBR mirror is 0
at this point, meaning the wave is at a peak. Since the ordering of the DBR
is H/L, the field intensity at the interface between the two layers in the first
DBR pair after the substrate must be an anti-node. Traveling backwards
through the first H-layer towards the substrate results in a phase-shift of
pi, meaning the standing wave field intensity at the interface between the
substrate and the first H-half-pair is at a node (indicating a total phase
accumulation of pi due to the mirror stack). The final λ/(4nsub) distance
into the substrate results in another phase shift of pi, leaving the total phase
φDBR = 0.
The previous discussion on the accumulated phase and the standing wave
pattern at each individual interface is visually demonstrated in Fig. 2.4 for a
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Figure 2.3: Power reflectance R and normalized reflectance phase φ/pi for a
20.5 DBR pair mirror. The reflectance phase is equal to 0 at the Bragg
wavelength.
10.5 pair DBR structure. This figure plots the standing wave field intensity∣∣Ely(z)∣∣2 at the Bragg wavelength at each point in the structure (red curve),
calculated using the backwards propagation matrix method, along with the
real refractive index of each layer (black curve). The GaAs substrate is
shaded in green. The anti-nodes at the H-to-L interfaces, the nodes at the L-
to-H interfaces, and the anti-node at the observation point used for generating
Fig. 2.3 (at the origin) are clearly visible. Since there is no incident wave in
the output air region (B2 = 0 in the propagation matrix formalism) the field
intensity once the wave exits the structure is constant due to the lack wave
interference.
At this point, the discussion on DBR mirror and the backwards propaga-
tion matrix method is complete. Chapter 3 will use the fundamental DBR
principles introduced here in discussing the effects of anti-phase reflection
on the reflectance phase, R, and the standing wave pattern in a single DBR
structure. The propagation matrix method will be used heavily in both
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Figure 2.4: Real refractive index and electric field intensity profiles for a
10.5 pair DBR mirror. The plane-wave is traveling through the GaAs
substrate from left to right and emits into air. The constructive interference
from each DBR pair creates a highly reflective optical element and the field
quickly decays as it penetrates into the mirror.
the oxide-confined Quasi-3D model and the proton-implant thermo-electric
model used to calculate fundamental VCSEL optical and carrier properties
which are extremely informative when attempting to gauge the effect of a
mode-suppression element and determine the optimal placement and dimen-
sions.
2.3 Fiber-Mode Approximation for Oxide-Confined
VCSELs
To first order, an oxide-confined VCSEL can be approximated as a step-
index fiber with a bulk inner core of refractive index ncore and bulk cladding
extending to infinity of refractive index nclad. The core radius is simply the
oxide aperture edge rox. Since the cladding region contains only a very thin
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layer of lower refractive index material (the oxide), the refractive index step
between ncore and nclad is small, satisfying the condition for weak guidance
in a fiber [47]:
ncore − nclad
nclad
 1 (2.27)
In this case, the solution to the cylindrical Helmholtz equation in a purely
real medium
∇2E(r, φ, z) + n(r)2k20E(r, φ, z) = 0 (2.28)
can be expressed by a linearly polarized field of the following form:
Ey(r) = El cos(lφ)e
iβz
{
Jl (ur/rox) /Jl (u) , 0 < r ≤ rox
Kl (wr/rox) /Kl (w) , r > rox
(2.29)
where n(r) is the real refractive index of the medium, assumed to be cylin-
drically symmetric and independent of z, and k0 = 2pi/λ0 is the free-space
wavenumber.
These modes are defined as the LPlp modes, where l and p denote the
azimuthal and radial mode order, respectively. In Eq. 2.29, J is the Bessel
function of the first kind and K the modified Bessel function of the second
kind (or modified Hankel function of the first kind). Alternatively, these
modes can be written in terms of sin(lφ) for l > 0. The important thing to
note about the LPlp modes is that the longitudinal component of the field
is approximately zero due to the weak guidance condition. This means that
these modes propagate with a constant phase front (i.e. they are plane-wave-
like). The parameters u and w are defined as:
u = rox
√
n2corek
2
0 − β2 = k0rox
√
n2core − n2eff (2.30)
and
w = rox
√
β2 − n2cladk20 = k0rox
√
n2eff − n2clad (2.31)
where rox is the oxide aperture radius, β is the propagation constant of the
mode and neff is the effective mode refractive index. From here, two other
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important parameters, the V -number and B-number, can be derived. The V -
number is a normalized phase parameter while the B-number is a normalized
propagation constant, both of which permit the comparison between fibers
(VCSELs) of different types and sizes since they are independent of any
particular fiber configuration.
V = u2 + w2 = krox
√
n2core − n2clad (2.32)
B =
w2
u2 + w2
=
n2eff − n2clad
n2core − n2clad
(2.33)
The B-number can be rewritten under the weakly guiding condition as:
B =
neff − nclad
ncore − nclad (2.34)
Since ∂E/∂r must be continuous, the tangential field components at the
boundary between the core and cladding can be matched by the following
characteristic equation:
u
Jl−1(u)
Jl(u)
= −wKl−1(w)
Kl(w)
(2.35)
This equation can be solved numerically to determine the effective refrac-
tive index of each mode neff , which can then be used to determine a num-
ber of VCSEL properties, as discussed in Chapter 3. In proton-implanted
VCSELs, where the current confinement aperture is defined by the highly
resistive region formed during the implantation [48], the step-index fiber ap-
proximation is no longer valid since there is no built-in refractive index profile
to define a waveguide. As such, proton-implant VCSELs require a more de-
tailed analysis including the effects of both the thermally induced increase
in refractive index throughout the entire structure and the carrier induced
decrease of the active region refractive index.
2.4 Modes in Proton-Implant VCSELs
Unlike oxide-confined VCSELs, where both the current and optical confine-
ment result from the highly resistive, lower refractive index γ-Al2O3 formed
during the selective wet oxidation [49] of a thin, high-Al-content layer, the
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only confinement mechanism in a proton-implanted VCSEL is current guid-
ing due to the bombardment of the semiconductor with high energy protons.
Proton bombardment of both n- and p-type GaAs produces this highly resis-
tive region through two separate mechanisms [50]. First, both the atoms that
are knocked out of the lattice by the high energy protons and the vacancies
they leave behind contain dangling bonds that trap and compensate charge
carriers of both types (electrons and holes). Second, the protons themselves
can form neutral complexes with shallow-level donors or acceptors, effec-
tively passivating them. Of the two mechanisms, proton passivation extends
the deepest into the bombarded semiconductor but is orders of magnitude
weaker than the compensation of interstitial atoms and vacancies, which is
the dominant effect in increasing the electrical resistance of the material.
While this highly resistive implanted region serves to funnel current into
the appropriate portion of the active region, it provides no optical confine-
ment. In fact, the decrease in free carriers and passivation of dopants in
the area of the implant actually serves to slightly increase the refractive in-
dex due to the reduction in both bandfilling and the plasma effect [51]. This
would normally result in a modicum of anti-guiding but the effect is typically
small enough to be ignored since the peak of the implant region is located
in the upper DBR mirror after the longitudinal standing wave has decayed
significantly. However, it should be noted that if the implantation extends
through the active region and into the bottom DBR mirror the anti-guiding
effect may be significant and should not be ignored. For the devices in this
work, the proton implant energy and angle, discussed in Chapter 5, have
been chosen such that the peak is located multiple DBR pairs above the VC-
SEL cavity, meaning the device at steady-state equilibrium effectively has
zero index or gain guiding.
Unlike Eq. 2.28, the refractive index in a proton-implanted VCSEL is now
a complex value due to the non-negligible gain in the active region. In the
oxide-confined VCSEL it is typically assumed that around threshold the ef-
fects of both temperature and free carriers in the active region on the re-
fractive index profile are much smaller than the total index step between
the core and cladding regions, which is on the order of 10−2 to 10−3, and
the imaginary part of the refractive index, which is related to the gain in
the active region, can be ignored in the analysis. Since the optical guiding
mechanism in the proton-implanted VCSEL appears only when the device is
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actually under operation, these temperature, carrier, and gain terms cannot
be ignored. As such, the squared refractive index must be replaced by the
complex relative dielectric permittivity rel:
∇2E(r, φ, z) + rel(r)k20E(r, φ, z) = 0 (2.36)
Just as the purely real dielectric permittivity can be written as the square
of the real refractive index, the complex rel can be written in terms of a
complex refractive index η:
rel = η
2 = (n+ iκ)2 (2.37)
where κ is the extinction coefficient, related to the amount of attenuation
or amplification of an electromagnetic wave, and is defined in this work as a
positive quantity for a lossy material (attenuation) and as a negative quantity
for a gain material (amplification).
As mentioned in Chapter 1, the most common treatments of a proton-
implanted VCSEL assume parabolic refractive index and gain profiles when
attempting to formulate analytic solutions for the transverse mode profiles.
Whether both the refractive index and gain profiles have a peak at the center
of the active region and decrease towards the edges of the device such as
in [27, 30] or the carrier, and thus gain, profile is in the form of an annulus
while the temperature induced refractive index peaks at the center [31], the
analytic solutions to Eq. 2.36 can be written as Laguerre-Gaussian modes in
cylindrical coordinates [52,53]. The fundamental mode, labeled as the LG00
mode, is a Gaussian mode while higher-order LG modes are either hollow
with no peaks at the center, or form bulls-eye-like intensity patterns with a
peak at the center and rings towards the edge of the device. It is important
to note that LG modes can also be written as linear combinations of their
Cartesian analog, Hermite-Gaussian modes [31].
There is some ambiguity to the actual formation of the waveguide in
proton-implanted VCSELs. While it is agreed there is no built-in refrac-
tive index step when the device is not under test, the structure has been
referred to as both gain-guided [25], where the fundamental Gaussian mode
forms due to the parabolic gain profile in the active region, despite the re-
duction in the refractive index due to the plasma effect that actually serves
to defocus the mode [54], or index-guided due to the formation of a thermal
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refractive index profile [28, 55]. A particular concern that this dissertation
attempts to address is the fact that models designed for proton-implanted
VCSELs typically assume that the refractive index increase due to temper-
ature and the decrease due to the plasma effect carry the same relative im-
portance in the formation of the waveguide. However, it should be noted
that the temperature effect on the refractive index occurs throughout the
entire structure, both in the active and passive regions of the device, while
the plasma effect only occurs in the comparatively thin QW gain region. As
such, the decrease in refractive index and the gain-guiding effect should act
simply as perturbations to the waveguide and the formation of the guide
itself should be governed nearly entirely by thermal index guiding. This is
the same assumption that is made when modeling the effect of the thin oxide
layer in oxide-confined VCSELs, which is that the overlap of the standing
wave pattern with the γ-Al2O3 layer constitutes only a small perturbation
to the effective index of the structure, despite the fact that the refractive
index of the layer itself is reduced to ≤1.7. If the oxide-confined VCSEL
was modeled solely as a function of the active region properties, this effect
would be missed. A similar argument was used for stripe-geometry lasers
in the late 1970s [37] to properly explain the inconsistencies between mea-
sured Gaussian beam widths and theoretical calculations which assumed a
gain-guided mode in the presence of carrier induced defocusing [56] due to a
net reduction in the refractive index along the junction plane underneath the
stripe. As deduced by Paoli [37], the difference in the refractive index profile
along the junction plane between the center and edge of the stripe actually
needs to be a small (2×10−4 - 6×10−4) positive value. As it turns out, such
a variation is possible if the temperature induced increase in refractive index
is included over the entire mode profile (which includes both the active and
passive regions of the device) while the free carrier induced decrease is local-
ized to the active layer only, resulting in an effective refractive index change
∆n along the junction plane of:
(∆n)eff = Γff,y (∆n)fc + (∆n)T (2.38)
where Γff,y is the fill-factor perpendicular to the junction plane for an active
region thickness d (i.e. along the growth direction) and a normalized modal
distribution ψ(y), defined as:
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Γff,y =
∫ d/2
−d/2
dy ψ∗(y)ψ(y) (2.39)
With the fill factor included, Paoli [37] determined that a temperature
increase of only 1.6 K produced the sufficient effective refractive index in-
crease of (∆n)eff = 4.6×10−4 along the junction plane needed to match the
measured modal widths.
While the assumption of parabolic refractive index or gain profiles in
proton-implanted VCSELs leads to seemingly correct mode profiles and has
been compared against measured results for decades, those models fail to
predict the threshold characteristics of the anti-phase and DAP filter proton-
implanted VCSELs measured for this work, in part because they do not con-
sider the active region to be a perturbation to the waveguiding properties of
the structure. A few key modifications to the thermal-electrical-optical model
are presented in Chapter 6 that result in accurate calculations of both the
threshold current and threshold mode profiles of DAP filter proton-implanted
VCSELs of all sizes, presented in Chapter 5, along with reproducing the re-
sults for devices without any anti-phase characteristics. More specifically, an
annular temperature profile arising from current crowding in the device is
predicted, along with the introduction of an energy confinement factor for
the vertical direction to calculate an effective field-weighted refractive index
profile along the radial direction, similar to Paoli [37], before numerically
solving the complex Helmholtz equation for the mode profiles.
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CHAPTER 3
THE DIELECTRIC ANTI-PHASE (DAP)
FILTER
3.1 Introduction
As discussed in Chapter 1, mode selection methods utilized to achieve single-
fundamental-mode output in VCSELs vary dramatically in their operation
principles. Despite the differences, many of these methods share similar
disadvantages in that they require more complex epitaxial growth and device
processing, limiting the capability of scaling for high-volume manufacturing.
One solution to these processing complexities in an oxide-confined device
would be to simply fabricate VCSELs that exist in the purely single-mode
waveguide regime. As seen in Chapter 2 for a cylindrical step-index dielectric
waveguide, the approximation that can be made for oxide-confined VCSELs,
only one mode (LP01) is supported when the normalized frequency parameter
V is below the cutoff condition of the LP11 fiber mode. The cutoff condition
for this mode can be derived from Eq. (2.35) using l = 1 and w = 0 (i.e. the
modal effective index neff,11 is equal to the field-weighted refractive index of
the cladding, nclad). The characteristic equation reduces to:
J0(u) = 0 (3.1)
The solutions to this equation are simply the zeros of the Bessel function
of the first kind where the pth zero corresponds to the cutoff condition of the
LP1p mode. Thus, the cutoff condition for LP11 occurs when Vc,11 = 2.405
and the single-mode condition is V < Vc,11. Looking at Eq. (2.32), this
can be achieved in a standard oxide-confined VCSEL in two ways: reducing
the difference between the core and cladding refractive index or reducing the
oxide aperture radius. The former is by far the most difficult and costly
option to achieve since it requires adjusting the position of the high-Al-
content oxide layer in the active region to a node in the standing wave pattern.
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In fact, current state-of-the-art VCSEL layer structures, including the wafers
used to fabricate the devices discussed later in this thesis, have already been
designed to minimize the overlap between the standing wave pattern and
the oxidation layer, though the main benefit of this placement is to decrease
diffraction loses and, consequently, threshold gain [57].
This leaves reducing the oxide aperture size as essentially the only option
to reach the purely single-mode waveguide regime. Assuming V = Vc,11 and
solving Eq. 2.32 for rox, the single-mode condition can be rewritten as:
rox <
Vc,11
k
√
n2core − n2clad
=
2.405 · λ
2pi
√
n2core − n2clad
(3.2)
which means rox < 1.23 µm (dox < 2.46 µm) for a free-space lasing wave-
length of λ = 850 nm, a core refractive index of ncore = 3.5, and a refractive
index step of ∆nc = 0.01. Though oxide apertures of this size are achiev-
able, problems with these devices include difficulty with oxidation distance
repeatability and a large differential resistance due to the small aperture size.
This second issue is particularly problematic since it imposes a limit on the
output power and long-term stability of the device as a result of the large
amount of self-heating in the active region. Due to these constraints it is de-
sirable to use a larger oxide aperture, which inherently results in an increase
in the number of transverse modes supported by the VCSEL cavity - modes
which need to be suppressed to achieve higher-power single-fundamental-
mode lasing.
The large amount of self-heating in the oxide-confined devices is due in part
to the γ-Al2O3 layer, which has a much larger thermal resistance than the
surrounding semiconductor. Since a significant portion of the temperature
increase comes from the resistive heating in the top DBR mirror, the oxide
layer acts as a barrier for heat flow down to the bottom heat sink, funneling
it through the oxide aperture in much the same way it does for the injection
current. One benefit of proton-implanted VCSELs is the lack of this highly
thermally resistive oxide layer, allowing for better lateral heat transport out
of the device. While this seems to directly counteract the formation of a
thermal optical waveguide, as discussed in Section 2.4, it offers the possibility
of a larger range of single-mode operating currents before thermal rollover
occurs compared to oxide-confined VCSELs.
Since the functional form of the refractive index profile in proton-implanted
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VCSELs is fundamentally different than the step-index profile in oxide VC-
SELs, it is important to determine how the purely single-mode operation
regime differs between the two types. For simplicity, the weakly-guiding
proton-implanted radial refractive index profile n(r), and thus to a reason-
able approximation the square of the refractive index profile n(r)2, is assumed
to take the functional form of a truncated parabola out to the implant aper-
ture of radius rimplant:
n2 =
{
n2core − n2clad (r/rimplant)2 , 0 < r ≤ rimplant
n2clad, r > rimplant
(3.3)
In this case, the core refractive index is actually ncore = nclad + (∆n)eff ,
where nclad is the field-weighted unperturbed refractive index of the structure,
discussed in Section 3.3.2, and (∆n)eff is the effective field-weighted refrac-
tive index change, typically a positive value (increase), along the central axis
of the device due to thermal and carrier effects. Since the Laguerre-Gaussian
and Hermite-Gaussian modes are only approximate field solutions in a square
law medium, the cutoff condition for the first higher-order LP11 mode in a
waveguide which guides only a few modes must be evaluated by variational
analysis, assuming the index profile can be written as a power series [53].
It turns out the cutoff for the LP11 mode is actually Vc,11 = 3.53, a factor
of 1.47 larger than the single-mode condition for a step-index profile. If the
same parameters used for solving Eq. 3.2 for the oxide-confined device are
used for a proton-implanted VCSEL, except with nclad = 3.5, the single-
mode condition occurs when rimplant < 1.80 µm. When taking into account
the lateral straggle of the proton implantation profile, an implant aperture
of this size would be difficult to achieve. However, the assumption of a field-
weighted effective refractive index difference of (∆n)eff = 0.01 implies an ac-
tive region temperature increase of at least 25 K assuming dn/dT = 4×10−4
K−1 [31, 37], unrealistic for a standard proton-implant device at threshold.
Assuming (∆n)eff = 1×10−3, the proton-implant VCSEL is purely single-
mode when rimplant < 5.7 µm, a much more achievable device size. As such,
proton-implanted VCSELs are in theory capable of purely single-mode op-
eration at much larger devices sizes than oxide-confined VCSELs, though
at the expense of a relatively slow forming thermal waveguide, which limits
their use in high-speed modulation applications.
In the following sections, a novel mode selection method using a multi-
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layer, patterned, dielectric anti-phase (DAP) filter deposited on top of a
fabricated VCSEL structure will be presented. This method is additive and
non-destructive, can be removed and completely re-fabricated should the
need arise, and can be used at any lasing wavelength and with any VCSEL
layer structure. It also eliminates the need for destructive etching techniques
or epitaxial regrowth and the design of the filter can be tailored to account for
available materials and deposition methods. Finally, this method can correct
for deviations from expected device performance that arise due to process
variability by the appropriate initial selection of the first layer material and
thickness and the subsequent recalculation of the necessary thicknesses of
the following layers using the propagation matrix method [33] introduced
in Sec. 3.2. The Quasi-3D model for oxide confined devices is introduced
beginning in Sec. 3.3.3 with the calculation of the fiber modes in a step-
index fiber. This Quasi-3D model is then used to calculate the effect of the
DAP filter on the mode-specific threshold properties in the oxide-confined
VCSEL.
As discussed in Sec. 2.4, unlike the oxide-confined VCSEL, proton-implant
VCSELs do not have a built-in refractive index step since the implanted
regions do not suffer a noticeable change in refractive index compared to
their bulk values. These VCSELs are historically referred to as gain-guided,
though Chapter 6 explores why a more accurate term is thermally guided. A
separate model is developed in Chapter 6 to solve the optical wave equation
and calculate the mode profiles in proton-implanted VCSELs that includes
thermal and free carrier effects on the formation of the optical waveguide. As
such, the Quasi-3D model developed in this chapter and used in Chapter 4
is only useful for oxide-confined VCSELs or other cylindrically symmetric
devices with a built-in refractive index step.
3.2 Principle of Operation: Anti-Phase Reflection
As discussed in Chapter 2, the power reflectance of a simple DBR stack is
increased or decreased by the addition or removal of full DBR pairs, respec-
tively. In both cases, only the amplitude of the standing wave pattern in the
VCSEL structure changes; the phase of the standing wave pattern remains
unchanged throughout the entire device since the removal or addition of a
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DBR pair corresponds to a phase shift of 2pi (equivalent to a phase shift of
0). A simplistic method for mode suppression would be to etch away full
pairs of DBR from the top of the VCSEL structure in a pattern designed to
overlap with the unwanted transverse modes. However, this method is ulti-
mately ineffective unless multiple integer number of DBR pairs are removed,
as demonstrated below.
Fig. 3.1 plots the power reflectance R (calculated using the plane wave
propagation matrix method) of a DBR mirror as a function of number of
DBR pairs removed. The initial mirror consists of 20.5 pairs of quarter-
wavelength (λB = 850 nm) thick Al0.15Ga0.85As and Al0.90Ga0.10As DBR on
a GaAs substrate. In this case, the first layer after the GaAs substrate is
Al0.15Ga0.85As, which has a higher refractive index (n0.15 = 3.5295) than
Al0.90Ga0.10As (n0.90 = 3.0615). This corresponds to the H/L ordering dis-
cussed in Section 2.2.1, meaning a half-integer number of DBR pairs are
needed. The power reflectance versus total number of pairs removed shows
an oscillating behavior, reaching a local maximum when an integer number
of pairs are removed (blue squares) and a local minimum when a half-integer
number of pairs are removed (red circles).
Fig. 3.1 clearly demonstrates why the removal of full pairs of DBR is an
inefficient and ultimately fruitless method of mode selection: the change in
power reflectance as each pair is removed is minuscule when starting with a
DBR stack designed for top emission, which will typically have 18.5 or more
pairs. For example, etching a single DBR pair from the 20.5 pair stack used
to plot the curve in Fig. 3.1 results in a power reflectance decrease of 0.13%
and the removal of 10 pairs of DBR, nearly half of the mirror, decreases
R by only 6.18%. The reflectance after the removal of full DBR pairs is
given by the blue squares. This small change in R is not the only drawback
of this method; as more pairs are removed it becomes harder to uniformly
inject current into the active region since the carriers must travel the same
distance laterally from the ohmic contact but over a much smaller vertical
distance. This ultimately leads to current crowding at the edge of the oxide
aperture and an increase in the threshold current of the fundamental mode.
Additionally, as discussed in Section 3.2, the waveguide properties of the
VCSEL, most importantly the refractive index difference between the core
and the cladding, ∆nc, are inextricably linked to the overlap of the longitu-
dinal standing wave pattern with each layer in the structure. While the field
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Figure 3.1: Calculated power reflectance, R, at a Bragg wavelength of 850
nm as a function of number of pairs of Al0.15Ga0.85As/Al0.90Ga0.10As DBR
removed from an initial stack of 20.5 pairs. The red circles correspond to a
DBR stack with 2N layers while the blue squares correspond to a DBR
stack with an extra quarter-lambda layer of Al0.15Ga0.85As (2N +1 layers).
overlap with the upper-most layers in a 20.5 pair DBR stack is low, the re-
moval of multiple pairs of DBR will increase ∆nc and fundamentally alter the
mode profiles of any unwanted transverse modes, decreasing the effectiveness
of the mode selection method and ultimately rendering it useless.
However, an interesting phenomenon, the dramatic decrease in power re-
flectance, occurs when a half-integer number of pairs are removed from the
DBR stack. The discussion on DBR structures from Section 2.2.1 elucidates
why this occurs: if the final layer in a DBR structure is the layer with lower
refractive index L, the net phase accumulation due to this layer is pi instead of
2pi = 0. This means the wave reflected from this layer is anti-phase with the
rest of the standing wave and the two will destructively interfere. This de-
structive interference manifests itself as a decrease in R over all wavelengths
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Figure 3.2: The power reflectance R of an AlGaAs based DBR mirror with
20.5 pairs (solid blue line) and 20 pairs (dashed red line). The removal of
only half a DBR pair decreases R significantly due to the anti-phase
reflection and destructive interference.
in the stop band, particularly at the Bragg wavelength. Fig. 3.2 plots R
versus wavelength for a DBR structure with 20.5 pairs (solid blue line) and
then with 20 pairs after the removal of a single-half-pair (dashed red line).
Looking back at Fig. 3.1, the removal of a single half-pair of DBR from the
20.5 pair stack decreases R by 4.41% from 99.61% to 95.2%. It would take the
removal of 9 full pairs of DBR to achieve that same reduction (∆R = 4.6% in
this case). Even the partial removal of a single half-pair can achieve a better
reduction in R than multiple full pairs. This reduction in R corresponds
to an increase in the mirror loss term αm in Eq. 2.1 but the anti-phase
reflection, interestingly, does not result in a change in the total reflectance
phase φDBR of the DBR structure. Fig. 3.3 plots the calculated reflectance
phase normalized by pi versus wavelength at a distance of λ/(4nsub) into the
GaAs substrate for the case of a 20.5 pair DBR mirror (solid blue curve) and
for a 20 pair DBR mirror (dashed red curve). The 20.5 pair case is exactly
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Figure 3.3: Normalized reflection phase of a 20.5 (solid blue) and 20
(dashed red) DBR mirror. The reflectance phase remains 0 at the Bragg
wavelength for the 20 pair mirror, indicating the anti-phase reflection does
not shift the standing wave in the substrate.
the same as the reflectance phase plotted in Fig. 2.3, with a total phase
shift due to the mirror of 0 at the Bragg wavelength of 850 nm. For the 20
pair case, the reflectance phase at λB remains 0 and there is a less than 1%
difference compared to the 20.5 pair case over a wavelength range from 830
nm to 870 nm. As the number of DBR pairs is reduced (for example, to 10.5
and 10), the range of wavelengths over which φDBR is approximately equal
decreases rapidly. However, in each case the reflectance phase at the Bragg
wavelength remains 0.
The anti-phase reflection can be thought of as a local phase-shift due to a
single layer or interface (these two scenarios are actually distinct and have
dramatic effects on the performance of the anti-phase layer, as discussed later
in this section) that effectively reduces the intensity of the reflected light over
the rest of the structure when compared with the half-integer DBR number
case. Since energy must be conserved, any reduction in reflected light must
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Figure 3.4: Real refractive index and electric field intensity profiles for a 10
pair DBR mirror. The plane-wave is traveling through the GaAs substrate
from left to right and emits into air. The destructive interference due to the
anti-phase reflection at the interface between the top half-pair and air
results in a phase shift of pi over the final 4 pairs before the wave
self-corrects.
be accompanied by an increase in transmitted light, hence the decrease in
reflectance. A plot of the calculated standing wave electric field intensity
for the case of 10 DBR pairs is given in Fig. 3.4. The effect of the anti-
phase reflection is readily apparent: the electric field intensity over the entire
structure is reduced by over an order of magnitude compared to the case of
10.5 pairs plotted in Fig. 2.4 and the phase of the standing wave in the final
4 pairs of DBR has been shifted by pi.
This anti-phase reflection is the principle by which the DAP filter oper-
ates (hence the name). However, the advantage and improvement of the
DAP filter over other mode suppression techniques such as the surface-relief
and inverted-surface-relief methods is that it utilizes this phenomenon not by
etching away semiconductor layers from the DBR, but by depositing dielectric
materials on top of the VCSEL itself. The ease of deposition and patterning
36
780 800 820 840 860 880 900 920
Wavelength (nm)
0.0
0.2
0.4
0.6
0.8
1.0
P
o
w
e
r 
R
e
fl
e
c
ta
n
c
e
, 
R
20.5 pairs
Additional dielectric layer
Al0.15Ga0.85As/Al0.90Ga0.10As
ndielectric = 4
Figure 3.5: The power reflectance R of an AlGaAs based DBR mirror with
20.5 pairs (solid blue line) and an additional quarter-lambda-thick dielectric
layer with n = 4 (dashed red line). The decrease in R is even more
dramatic with the addition of this layer than with the removal of a half-pair
of DBR (Fig. 3.2).
of each layer via a photolithographic liftoff process, compatibility with high-
volume optical coating tools, and the ability to tailor the DAP filter design
for any VCSEL structure or lasing wavelength make this technique very at-
tractive for production scale fabrication of high-power single-mode VCSELs.
While this section deals only with infinite planar layers and ideal thickness,
abrupt interface DBR, the Quasi-3D model presented later in this chapter,
will demonstrate the effectiveness of the DAP filter as a mode-suppression
element on a real VCSEL layer structure emitting at 850 nm with a non-
standard top mirror.
To illustrate why the DAP filter is even more effective than any surface-
relief method, Fig. 3.5 plots the reflectance versus wavelength for the same
20.5 pair DBR structure as the previous figures (solid blue curve). However,
instead of removing a half-pair of DBR as in Fig. 3.2, a dielectric layer with
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refractive index ndielectric = nd = 4 (a refractive index of this value can be
obtained by using amorphous Si, or a-Si [58]) and a thickness of λ/(4nd) is
added to the top of the structure. The reflectance after the addition of the di-
electric layer (red dashed curve) has decreased over the entire stop band but
most dramatically in the region immediately surrounding the Bragg wave-
length. In fact, at λB = 850 nm, the reflectance has decreased to 93.87%
from 99.61%, a 1.33% larger decrease than if a half-pair was removed (cal-
culated earlier as 95.2%). Thus, the addition of this dielectric layer is just
as effective as removing 1.5 pairs of DBR from the 20.5 pair structure (see
Fig. 3.1). While this additional decrease does not appear to be much at first
glance, it is important to remember that the cavity length L in a VCSEL is
on the order of hundreds of nanometers to a µm. Since the mirror loss term
αm given in Eq. 2.1 is inversely proportional to the cavity length, the mirror
reflectance values must be close to unity to achieve low enough loss for lasing,
meaning any decrease in the reflectance of either mirror will have dramatic
effects. To illustrate this point, consider an arbitrary VCSEL structure with
L = 1 µm and a bottom DBR mirror with R = 1. A 20.5 DBR pair top
mirror with a reflectance of 99.61% results in a mirror loss of only αm = 1.95
cm−1. If a half-pair of DBR is removed, the mirror loss increases by over
an order of magnitude to αm = 24.60 cm
−1. Finally, if the quarter-lambda
dielectric layer with nd = 4 is added instead, the mirror loss increases to αm
= 31.63 cm−1.
The deposition of the DAP filter can be done using high-volume optical
coating tools such as plasma-assisted sputterers, electron beam evaporators,
and plasma-enhanced chemical vapor deposition (PECVD) machines, with
great uniformity and thickness precision. Fig. 3.6 plots the calculated mir-
ror R as a function of deposition thickness td for a dielectric layer with
nd = 4 on a 20.5 pair DBR stack. The two extreme ends, td = 0 and td
= 100 nm, correspond to optical thicknesses of 0λ and λ/2, respectively.
At these two thicknesses the dielectric material is optically inactive at the
Bragg wavelength from the perspective of the substrate and the DBR stack
appears unchanged from the original 20.5 pair structure. The blue circle
represents the point at which the dielectric layer has an optical thickness of
λ/4 (equal to a physical thickness of td = 53.125 nm) and the dashed black
line is the reflectance of a 20 pair DBR mirror. For this particular dielec-
tric layer to be less effective than the perfect removal of a single half-pair of
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DBR, the deposition thickness would have to vary by ±8.8% (±4.675 nm)
from the desired quarter-lambda optical thickness. These tolerances are well
within the capability of optical coating tools with proper thickness monitor-
ing systems. However, when it comes to the etching of AlGaAs-based DBR,
uniformity across the wafer and an extremely precise etching depth are dif-
ficult to achieve, even in tools with end point detection systems based on
laser-interferometry or plasma emission wavelength. Unfortunately for etch-
ing based approaches, extreme precision and uniformity are exactly what is
needed in this instance. For example, if the half-pair is under- or over-etched
by the same 8.8% as above (corresponding to only ±5.3 nm), R will increase
from 95.2% to 97.48% and 97.01%, respectively. If it is under- or over-etched
by 10.6 nm, R increases to 98.82% and 98.52%, respectively. These etching
uncertainties for a single device are expected when using standard plasma
Dielectric Layer Thickness (nm)
0.90
0.92
0.94
0.96
0.98
1.00
B
ra
g
g
 W
a
v
e
le
n
g
th
 P
o
w
e
r 
R
e
fl
e
c
ta
n
c
e
, 
R
0 10 20 30 40 50 60 70 80 90 100
ndielectric = 4
# of pairs: 20.5
Single additional dielectric layer
# of pairs: 20
thickness: λ/4n
Δt: 9.35 nm
Figure 3.6: Plot of the power reflectance R at the Bragg wavelength as a
function of the thickness of an additional dielectric layer (n = 4) on a 20.5
pair DBR stack. The dashed line represents R at the Bragg wavelength of a
20 pair stack. The additional dielectric layer has a larger effect on R over a
9.35 nm thickness range.
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Figure 3.7: Plot of the power reflectance R at the Bragg wavelength as a
function of the refractive index of an additional quarter-lambda-thick
dielectric layer on a 20.5 pair DBR stack. The blue dot represents R at the
Bragg wavelength of a 20 pair stack. The additional dielectric layer has a
larger effect on R only if the refractive index is larger than that of the low
refractive index DBR layer.
etching tools and variations in etching depth across a sample can vary by
this amount or more, dramatically reducing device yield.
Not only does the DAP filter solve the issue of layer thickness and uni-
formity, it is not constrained by the epitaxially grown layer structure and
can utilize any available dielectric materials. Fig. 3.7 plots the reflectance
of a 20.5 pair mirror with an additional quarter-lambda dielectric layer as a
function of the dielectric refractive index nd. The blue circle represents the
Bragg wavelength reflectance for a 20 pair mirror. In this specific case of a
perfect DBR structure, the DAP filter decreases R to a lower value only if
nd > 3.2. This makes sense intuitively since the addition of the dielectric
layer can be thought of as simply increasing the number of DBR pairs by a
half-integer, from 20.5 to 21. Thus, if nd = nL = 3.0615, the dielectric layer
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appears to be an Al0.90Ga0.10As half-pair. Since the anti-phase reflection is
more effective in reducing R as the total number of DBR pairs decreases, the
dielectric layer must have a higher refractive index than nL since the effective
number of DBR pairs has increased.
However, the operational principle of the dielectric layer is not as straight-
forward as it initially appears. Why is the addition of a dielectric layer more
effective than removing 0.5 pairs of DBR and equally as effective as remov-
ing 1.5 pairs when the refractive index nd is higher than nL? To understand
this, consider the case of nd < nL. Since the ordering of the DBR pairs is
H/L the final layers of the structure must be H/L/H/air to avoid anti-phase
reflection and destructive feedback. When a lower refractive index dielectric
layer (Ld) is deposited, the ordering becomes H/LDBR/H/Ld/air and from
the perspective of the substrate there is an additional phase of pi due to the
Ld/air interface that destructively interferes with the local standing wave
near the additional layer.
However, when a dielectric layer with a higher refractive index (Hd) than
the high-index DBR half pair is deposited, the ordering of the final few layers
becomes H/L/H/Hd/air. From the perspective of the substrate there is now
an entire layer and two interfaces (H/Hd and Hd/air) that is anti-phase from
the rest of the structure instead of a single interface. While the total phase
shift of the anti-phase layer is still pi, the effect of the dielectric layer can
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Figure 3.8: Real refractive index and electric field intensity in a 10.5 pair
DBR stack with an additional quarter-lambda-thick dielectric layer of
refractive index (a) n = 2.5 and (b) n = 4. The n = 4 dielectric has a much
larger anti-phase reflection effect.
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be visualized as a “virtual” wave incident on the top of the structure from
the air region, exactly out-of-phase with the standing wave in the DBR.
This out-of-phase wave will decay as it penetrates into the DBR but will
destructively interfere with the DBR standing wave over a longer distance,
resulting in a larger decrease in R. The same scenario holds true for the case
of a lower refractive index dielectric layer except the initial field amplitude
of the “virtual” out-of-phase wave is much lower and the wave appears to
be incident from the dielectric layer instead of the air so the perturbation to
the DBR standing wave decays more quickly. The electric field intensity is
calculated and plotted for a quarter-wavelength thick dielectric layer with a
refractive index nd = 2.5 (Fig. 3.8(a)) and nd = 4 (Fig. 3.8(b)). The standing
wave pattern has been calculated for a 10.5 DBR pair stack for demonstration
purposes; the effect of the dielectric layer on the electric field intensity is the
same regardless of the number of pairs half-integer pairs of DBR. The two
scenarios for DAP reflection discussed above are clearly distinguishable from
one another. The perturbation to the standing wave pattern for the nd = 2.5
case only penetrates approximately 2.5 pairs into the DBR before the field
intensity is corrected. However, the nd = 4 case penetrates around 5.5 pairs
into the DBR, indicating the anti-phase perturbation for this case is much
more disruptive. This penetration depth will continue to lengthen if the
refractive index of the dielectric layer increases further (purely a theoretical
exercise due to the lack of availability of dielectric materials with refractive
index values that high).
Just as the dielectric anti-phase layer can be used to decrease R, it can
also be used in the opposite manner to correct anti-phase reflection. Fig. 3.9
plots the reflectance spectrum of an anti-phase 20 pair DBR mirror (solid
blue curve) and the same structure with an additional quarter-lambda thick
dielectric layer with nd = 4 (dashed red curve) and nd = 1.5 (dash-dot black
curve). The circles correspond to R at λB = 850 nm. Similar to Fig. 3.7, the
inset of Fig. 3.9 plots R at λB as a function of nd. While any dielectric layer
serves to increase R, only values of nd greater than the high-refractive-index
DBR layer result in an improvement over a 20.5 DBR pair stack. However,
this plot indicates that, depending on the VCSEL layer structure, multiple
patterned dielectric layers with properly selected refractive index values could
be used to spatially increase or decrease the mirror loss on the same device.
It should be reiterated that the above analysis of anti-phase reflection and
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Figure 3.9: Power reflectance R near the Bragg wavelength of a 20 pair
DBR stack (solid blue). The addition of a quarter-lambda-thick dielectric
layer serves to correct anti-phase reflections and increase R. The effect is
greater for higher refractive index dielectrics and is more effective than a
20.5 pair DBR stack only if the refractive index is larger than the high
index DBR half-pair. R as a function of dielectric refractive index is plotted
in the inset.
its effect on the reflectance of a DBR mirror represents a purely theoretical
exercise to demonstrate the properties of an arbitrary dielectric anti-phase
layer on a single-pass mirror. State-of-the-art VCSEL layer structures, such
as the one used to fabricate the devices discussed later in this dissertation,
are much more complicated than the simple quarter-lambda, abrupt inter-
face structure used in this section. For example, adjacent DBR layers will
have a compositionally-graded region between them instead of an abrupt in-
terface. This helps improve carrier flow across each interface, reducing the
series resistance of the mirror, and increases the thermal conductivity of the
device due to improved phonon transport. Though each DBR layer has an
effective thickness of a quarter-λB, it is important to properly model the
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compositionally-graded interface regions to avoid any subtle changes in the
calculated VCSEL parameters that would occur if the layer were represented
as homogeneous.
One other important factor that arises when modeling the entire VCSEL
instead of a single mirror is the fact that there is a cavity located between
the top and bottom DBR mirrors. It is the combination of the cavity and the
mirrors, not the Bragg wavelength of the DBR, that determines the resonant
wavelength of the structure and it is this resonant wavelength that determines
the optimal thickness of the dielectric anti-phase layer. Finally, all VCSELs
using ternary AlGaAs DBR layers will terminate the top DBR mirror with
a binary GaAs cap layer to avoid the natural oxidation that occurs when
AlGaAs is exposed to atmosphere [59,60] or unintentionally during processing
(this cap layer is also highly doped to facilitate current spreading). Since
this cap layer is grown on top of the final high refractive index half-pair, the
thickness of both layers will ideally be adjusted to form the proper quarter-
lambda effective thickness. However, in some cases, including the 850-nm
layer structure used in this dissertation, the GaAs cap layer and the final
DBR half-pair form a layer of arbitrary effective optical thickness. In this
instance, multiple dielectric layers must be deposited to achieve the desired
destructive anti-phase reflection and the refractive index values of each layer
do not necessarily need to be higher than the refractive index of the HDBR
layer. In any case, the backwards propagation matrix method will handle
any arbitrary layer structure of any complexity and the proper DAP filter
configuration at the desired wavelength can be determined.
3.3 A Quasi-3D Oxide-Confined VCSEL Model
The discussion of the realistic version of the DAP filter begins with the
development of a simple, yet effective, way to model VCSELs in general. In
this section, a Quasi-3D VCSEL model is formulated using a combination of
variations of the propagation matrix method used for the DBR analysis in
Chapter 2, the weighted effective index model introduced by Hadley [61], and
the analysis of vertical-cavity laser diodes using fiber mode dispersion (BV)
curves by Michalzik [62]. The aim of this model is to avoid the use of more
complicated, computationally expensive, full-vector [63–65] or finite element
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[66] methods while still obtaining accurate results regarding the threshold
properties of the VCSEL modes.
The Quasi-3D VCSEL model is based on the idea that the high-Al-content
oxidation layer represents only a tiny optical perturbation to the structure
when oxidized, meaning the difference between the effective refractive index
of the layer structure inside and outside the oxide aperture is nearly zero.
Eliminating variations of the structure in the z -direction using the weighted
effective index approximation, the VCSEL can be described as a two layer
dielectric waveguide (i.e. a weakly guiding optical fiber) where the paraxial
approximation (kr ≈ 0) can be made [47]. The resulting VCSEL transverse
modes can thus be described as the same LP modes introduced in Chapter 2.
This is also the justification for labeling the method as Quasi-3D: the propa-
gation matrix and weighted effective index methods constitute a plane wave
analysis of the vertical (z) direction of the VCSEL while the fiber approxima-
tion and BV curves introduce the radial component r via the plane-wave-like
(constant phase front) LP transverse mode profiles. The φ dependence is not
needed due to the cylindrical symmetry of the LP modes, which are degen-
erate combinations of HE, EH, TE, or TM modes. It is important to note
that in the following analysis, absorption and scattering are not considered
though they can be easily added to any arbitrary layer via the imaginary
part (extinction coefficient), κ, of the complex refractive index η = n + iκ.
The absorption coefficient α can be written as:
α =
4pi
λ0
κ (3.4)
where λ0 is the free-space wavelength. In the following modeling of oxide-
confined and proton-implanted VCSELs, the only layers with a complex re-
fractive index are the quantum wells (QWs) that make up the active region
of the VCSEL since at threshold they experience gain (which can be written
as -α) due to carrier injection.
Since the aim of the DAP filter is mode-specific suppression or facilitation,
some or all of the deposited dielectric layers will have a variation along the r
direction. A patterned filter in the shape of an annulus will mainly perturb
the higher-order transverse modes while a filter in the shape of a pillar will
perturb the fundamental LP01 transverse mode and, to a lesser though non-
negligible extent, the higher-order LP0p modes. Thus, it is important that
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the Quasi-3D VCSEL model can output mode-resolved parameters such as
threshold material gain, photon lifetime, and confinement factor for VCSELs
with patterned DAP filters with φ symmetry. How these parameters change
with the filter shape and size determines the optimal mode-suppression con-
figuration. These calculated parameters can also be used in mode-resolved
rate equations to fit measured light and voltage versus current (LIV) data
for actual devices. The following sections discuss how the Quasi-3D VCSEL
model is used to calculate each parameter and the assumptions that are made
during each step.
3.3.1 The 850-nm VCSEL Layer Structure
The 850-nm VCSEL structure used in the Quasi-3D model and to fabri-
cate both oxide-confined [23] and proton-implanted VCSELs is a standard
design grown by commercial foundry Epiworks, Inc., on an n-doped GaAs
substrate. The bottom n-doped and top p-doped DBRs consist of 37 and
20 Al0.15Ga0.85As and Al0.90Ga0.10As DBR pairs, respectively, separated by
compositionally-graded regions. The gain region consists of three GaAs quan-
tum wells (QWs) surrounded by AlxGa1−xAs barriers and cladding, forming
a half-wavelength-multiple cavity. A single layer of high-Al content AlGaAs
is included directly below the top DBR mirror which defines the current
injection aperture and provides optical confinement of the light when oxi-
dized [7]. Above the top DBR mirror an extra 85 nm thick Al0.15Ga0.85As
layer, more than double the thickness of a λ/4-thick DBR half-pair, and a
degenerately-doped, 140 nm thick GaAs current spreading cap layer have
been grown.
Fig. 3.10 plots the standing wave pattern in the entire 850-nm VCSEL
structure at the plane wave resonant wavelength determined in the following
section. The refractive index is also plotted, including all compositionally-
graded layers. The zero position is located at the center of the middle QW
and a close-up of the cavity and gain region is plotted in the inset. As desired,
the QWs are located at an anti-node of the standing wave pattern in the cav-
ity to provide maximum overlap between the field and gain region, reducing
the threshold material gain gth by maximizing the z-direction confinement
factor Γz. The oxidation layer, located at approximately 0.2 µm in the inset,
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is placed at a field node to decrease the diffraction loss, as discussed in the
Introduction to this chapter. It should be noted that the field pattern near
the emission region (between 2 µm and 3 µm) has characteristics similar to
those of the anti-phase reflection structure plotted in Fig. 3.4. This is due to
the upper-most Al0.15Ga0.85As layer and GaAs cap layer, the combination of
which has a dramatic effect on the VCSEL performance due to its anti-phase
reflection. As such, a typical process flow to fabricate VCSELs using this
wafer would etch away most of the GaAs cap layer. In this work, however,
the DAP filter is used to enhance this destructive feedback for high-order
transverse modes while reducing the effect for the fundamental mode. This
represents a major advantage of the DAP filter over other anti-phase tech-
niques such as the surface-relief or inverted-surface-relief methods since it
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Figure 3.10: Plot of the calculated real refractive index and standing wave
pattern in the 850-nm VCSEL used to fabricate devices in this dissertation.
The inset is an enlarged version of the active region, showing the large
overlap between the standing wave and quantum wells (QWs). The unusual
thicknesses of the final two layers (far right) in the structure results in
anti-phase reflection, which can be seen by the out-of-phase standing wave
pattern near the region.
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would take multiple precise semiconductor etch steps to achieve the same
simultaneous suppression and facilitation effect as this work.
3.3.2 Calculation of the Plane-Wave VCSEL Properties and
Fiber Core Refractive Index
The first step in the model is the calculation of the free-space plane wave
resonant wavelength λ1D of the VCSEL layer structure. As mentioned in
Section 2.1, Eq. 2.1 only offers a rough approximation of the lasing wave-
length due to the varying methods to calculate both the cavity length L and
average cavity refractive index n. As such, the value of λ calculated using
Eq. 2.1 will differ from the real plane wave resonant wavelength λ1D by some
amount. In most cases this difference might be acceptable but since the DAP
filter parameters are based on this wavelength, a more accurate calculation is
desired. This can be achieved via the propagation matrix method described
earlier; indeed, the result should be theoretically equal to the real value of λ1D
since no assumptions are made about the cavity length or average refractive
index. Any deviation from this value is simply a result of inaccuracies in the
calculation of the refractive index of each layer as a function of wavelength
and doping, data for which is simply not available in the literature in some
cases. Despite this, the propagation matrix method will produce the most
accurate representation of λ1D since Eq. 2.1 also relies on the same material
properties.
The calculation begins with an appropriate choice of starting location
within the VCSEL. In theory, any position will suffice, even one in a DBR
mirror, but it makes the most physical sense to select a point within the cav-
ity itself, such as the center of the quantum well gain region. The complex
reflection coefficient from Eq. 2.24 is determined over a range of wavelengths
surrounding the expected emission wavelength (850 nm in this case). The
calculation is done looking both directions from the starting point: down to-
wards the substrate (rbottom) and up towards the emission surface (rtop). Note
that the resulting values include propagation through part of the cavity as
well as the top or DBR mirror, yet no explicit value of the cavity length L
or spatially-averaged refractive index is needed since all of the information is
contained in the thickness and refractive index of each individual layer used
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in the matrix multiplication. In this model, absorption loss and scattering
are neglected, meaning the refractive index of each layer is purely real. Since
the true functional form of the compositionally-graded layers cannot be used
in the matrix method (this would require an infinite number of layers), the
grading is approximated by 50 separate layers.
The imaginary part of Eq. 2.7 states that the phase shift of the resonant
wavelength λ1D after one round trip must be 0 or an integer multiple of 2pi.
Any wavelength with a non-zero phase shift is not a resonant cavity mode,
though it is important to recognize that this is only for the plane wave case.
Because of their short cavity lengths only a single longitudinal mode will be
of interest in VCSELs but there are many possible transverse modes due to
the lateral confinement of light, each with a different and slightly blue-shifted
wavelength compared to the longitudinal mode. These transverse modes are,
of course, resonant modes of the full VCSEL cavity yet their wavelengths
cannot be obtained by the plane wave propagation matrix method and must
be calculated separately using the fiber approximation of the VCSEL and
λ1D as the starting point.
Fig. 3.11 plots the phase versus wavelength at the center of the gain region
looking upwards (blue dashed line) and downwards (red dash-dot line). The
resulting total phase φtotal = φtop + φbottom is also plotted (solid black line).
One important thing to note is that the zero-crossing of each curve does not
occur at the same wavelength due to the asymmetry of the cavity surrounding
the gain region. Since the calculation time increases dramatically with the
number of wavelengths in the range, it is more effective to start with a coarse
sweep, determine the wavelength with the value of φtotal closest to 0, then
progressively narrow the sweep range until the solution converges. λ1D is
calculated for the 850-nm VCSEL structure to be 853.05 nm whereas the
design wavelength of the DBR mirror is designed to be 850 nm.
Once λ1D has been determined it is possible to calculate the plane wave
threshold material gain gth,1D. This term introduces an imaginary part to the
QW refractive index which will slightly modify the value of the field-weighted
effective index ncore. Though the difference is small, the Quasi-3D model is
determining the threshold, not cold-cavity (zero QW gain), characteristics so
the complex QW refractive index must be used for completeness. To obtain
gth,1D, the round trip propagation matrix sweep is performed again but this
time with the wavelength fixed at λ1D. The variable being swept in this case is
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Figure 3.11: Normalized phase of the bottom (dash dot red) and top
(dashed blue) regions of the 850-nm VCSEL as seen from the exact center
of the QW gain region. The point where the total phase (solid black, the
summation of the top and bottom phases) equals 0 is the resonant
longitudinal plane wave wavelength of the VCSEL cavity.
the imaginary part of the refractive index, κ, in the QW active region. Since
the gain g is equivalent to negative absorption -α, Eq. 3.4 indicates that the
sweep of κ must be negative. In other words, the gain at the free-space plane
wave resonant wavelength is:
g =
4pi
λ1D
|κ| (3.5)
The resonant wavelength calculation required that the phase shift of the
wave after a single round trip equal 0, but it made no assumptions about the
electric field amplitude. The lasing threshold condition imposes a stronger
restraint on the system in that it requires not only that the phase shift
be zero but that the electric field exactly replicate itself after a single round
trip. In other words, at the lasing threshold the real part of Eq. 2.7 is exactly
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equal to 1. κth for the 850-nm VCSEL is calculated at λ1D to be -0.0440,
corresponding to a threshold material gain gth,1D = 6480.2 cm
−1. As a result
of the anti-phase reflection from the top mirror decreasing Rtop, this number
is very large compared to standard VCSEL structures, which have typical
values of gth,1D between 500 cm
−1 and 1500 cm−1 [40]. Unless the thermal
resistivity of the fabricated VCSEL is low, a difficult feat to achieve in an
oxide-confined device, it is possible that the GaAs QWs cannot supply that
much gain before thermal rollover effects occur and the VCSEL will never
reach threshold, emitting only spontaneously for all input currents.
Once κth is known, the standing wave pattern of the entire structure can be
calculated, as plotted in Fig. 3.10. From there, two more important VCSEL
parameters can be calculated: the z -direction energy optical confinement
factor Γz [67] and the field-weighted refractive index ncore. The energy optical
confinement factor is a measure of the field overlap with the regions that
experience gain and is defined as:
Γz =
∫
QW
R,QW |E(z)|2 dz∫
total
R,total |E(z)|2 dz
(3.6)
where R = n
2 - κ2 is the real part of the relative permittivity in each region.
The field that overlaps with the QW active region in the 850-nm VCSEL
is plotted in Fig. 3.12. Since the VCSEL structure has a much larger total
thickness than the active region, Γz is expected to be small and in this case
is calculated to be Γz = 0.0324 (3.24%). The plane wave value of Γz will
not actually be used in the Quasi-3D model; instead, a Γz will be calculated
for each transverse mode since the position of anti-nodes within the cavity is
wavelength dependent.
The field-weighted refractive index ncore is calculated in the same manner
as Γz, though the entire structure is used, with the only distinguishing factor
being the real part of the relative permittivity and thickness ti of each layer.
This method will generate significantly different results than a simple spa-
tial average since the field not only penetrates into the DBR mirrors before
decaying but also goes to zero multiple times within the cavity region:
ncore =
√√√√∫ti R,i |Ei(z)|2 dz∫ |E(z)|2 dz (3.7)
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Figure 3.12: Plot of the real refractive index near the gain region of the
850-nm VCSEL. The standing wave pattern only in the regions of the QWs
is also plotted. The z-direction optical confinement factor can be calculated
based on the field overlap with the gain region compared to the entire
structure.
The field-weighted refractive index for the 850-nm VCSEL with λ1D =
853.05 nm is ncore = 3.3194.
With λ1D and ncore in hand, the oxide-confined VCSEL can be approxi-
mated as a weakly guiding step-index fiber, introducing the r dependence of
the Quasi-3D model via the so called linear polarized (LP) solutions of the
two-layer cylindrical dielectric waveguide discussed in Chapter 2.
3.3.3 Calculation of the Fiber Modes
The modeling of the transverse mode behavior of a VCSEL in terms of fiber
modes contains an easily missed subtlety; in a real fiber, the BV diagrams
are calculated assuming a light of a single wavelength λ0 is launched into the
fiber. Ignoring off-axis or angled launch conditions, the light is distributed
52
into all supported transverse fiber modes, each with its own effective re-
fractive index neff and, therefore, modal wavelength λ0/neff . Even with
dispersion effects and attenuation, the output free-space wavelength at the
other end of the fiber will still be λ0 as long as there are no scattering or
stimulated events within the fiber to modify the free-space energy of the pho-
tons. This is fundamentally different from a VCSEL, where each cavity mode
emits at a different free-space wavelength λlp, which is blue-shifted from λ1D.
This has important implications for the BV curve analysis for VCSELs versus
real fibers. In a real fiber, the normalized frequency parameter V , given by
Eq. 2.32, is a constant determined by the free-space launch wavelength λ0,
the radius of the fiber core, and the core and cladding refractive index ncore -
∆n = nclad. The calculation of the effective index of a supported fiber mode
is determined by calculating the V -number for the particular fiber proper-
ties and drawing a straight line from the axis and looking at the intersection
points with each BV curve. This is not possible for a VCSEL since each
transverse mode has a different free-space wavelength and, therefore, a dif-
ferent V -number. However, the VCSEL-mode-specific V -number can only be
determined after λlp is calculated, which requires the fiber BV curves, which
require a V -number, ad infinitum. As such, an approximation needs to be
made if λlp is desired. To first order, ∆λ1D-lp, the difference between the plane
wave resonant wavelength λ1D and λlp, can be written in an oxide-confined
VCSEL as [62]:
∆λ1D-lp = λ1D − λlp = λ1Dncore − neff,lp
ncore
= λ1D
ncore − nclad
ncore
(1−B) (3.8)
where neff,lp is the real effective modal refractive index of the LPlp-th mode
and B is the normalized phase parameter given by Eq. 2.33. Eq. 3.8 pos-
tulates that the emission wavelength of each transverse mode in a VCSEL
can be represented as a perturbation of the plane wave emission wavelength.
All that is necessary to calculate the proper mode wavelength is the modal
effective index.
To do this, there are four parameters needed: the oxide aperture radius
rox (which can be measured in a real VCSEL either by imaging the cross-
section or looking at the top of the structure with an infrared (IR) camera),
λ1D (determined for the 850-nm layer structure using the technique in the
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previous section), and the core and cladding refractive index. Since ncore is
calculated using the standing wave pattern, the only unknown in this scenario
is nclad.
Given a value for rox, ∆n = ncore - nclad is swept over a range of appropriate
values for state-of-the-art oxide VCSELs: 2×10−3 to 2×10−2. For each value
of ∆n an neff,lp is calculated for each supported LPlp mode by minimizing
Eq. 2.35.
F = u
Jl−1(u)
Jl(u)
+ w
Kl−1(w)
Kl(w)
= 0 (3.9)
The number of zeros for each l-number corresponds to the number of trans-
verse modes supported by the VCSEL only at that l-number, whereas the
total number of supported modes is the summation of all the zeros over all
l-numbers. Since practical VCSELs will lase over only a few of these modes
before thermal rollover occurs, only values of 0 to 5 are used for the l-number
and only the first 10 total modes are kept. In order of smallest to largest
cutoff, the these LP modes are: 01, 11, 21, 02, 31, 12, 41, 22, 03, 51.
In order for a solution to be a guided mode in a step-index fiber, as opposed
to an evanescent mode, the propagation constant βlp must be purely real,
meaning:
k0nclad ≤ βlp ≤ k0ncore (3.10)
or
nclad ≤ neff,lp ≤ ncore (3.11)
which sets the search range for neff,lp. Fig. 3.13 plots neff,lp as a function
of ∆n for rox = 2 µm (Fig. 3.13(a)) and rox = 3 µm (Fig. 3.13(b)). The
horizontal black dashed line corresponds to the value of ncore, which is in-
dependent of rox or ∆n since it is a z-direction calculation only, while the
linear black dashed line plots nclad at each value of ∆n. As expected from
Eq. 3.10 and Eq. 3.11, the effective index of the supported transverse modes
is bounded by these two values. This makes sense physically: if a guided
mode is contained completely in the core of the VCSEL it “sees” only a bulk
material with refractive index ncore while a mode contained completely in
the clad “sees” only a bulk material with refractive index nclad. As expected,
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Figure 3.13: Calculated values of the effective modal refractive index neff
for up to the first 10 supported LPlp modes as a function of the
core/cladding refractive index difference (∆n) for an oxide radius of (a) rox
= 2 µm and (b) rox = 3 µm. The constant dashed line represents the core
refractive index while the linear dashed line is the cladding refractive index.
As ∆n or rox increases, so too does the number of supported transverse
modes.
the higher-order transverse modes have lower values of neff,lp since their in-
tensity profile leaks more into the cladding region. As rox increases, more
transverse modes are supported for a fixed ∆n, highlighting the fundamental
problem facing single-fundamental-mode higher-power VCSELs: more out-
put power requires larger devices, increasing the number of modes that need
to be suppressed. Increasing the oxide radius by only 1 µm will nearly dou-
ble the number of supported modes The higher-order (p > 1) LP0p modes
are particularly problematic for mode-suppression since they have a large
peak at the center of the aperture that will overlap heavily with any mode
selection elements designed for the fundamental LP01 mode. As discussed
later in this chapter, rox and the mode-selection element shape and size must
be appropriately designed to maximize the mode-resolved threshold material
gain difference between the fundamental mode and the nearest higher-order
mode, which will not always be LP11.
One interesting thing to note is that, for a fixed rox, while the BV curve
for each mode approaches 1 asymptotically as the V -number increases neff,lp
does not actually approach ncore. Since the mode overlap with the core region
can never reach unity unless the cladding material is a perfect electrical
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Figure 3.14: Calculated mode spacing from the plane wave cavity resonant
wavelength as a function of ∆n for each of the supported LPlp modes for an
oxide radius of (a) rox = 2 µm and (b) rox = 4 µm. The mode spacing from
the cavity wavelength decreases as the radius increases but increases as ∆n
goes up.
conductor (PEC), there will always be a non-zero component contained in
the cladding. As ∆n increases, this cladding component decreases but at
a similar rate as the decrease of nclad, meaning neff,lp remains relatively
constant.
Fig. 3.14 plots the calculated ∆λ1D-lp in nanometers as a function of ∆n
for an oxide aperture radius of 2 µm (Fig. 3.14(a)) and 3 µm (Fig. 3.14(b)).
As mentioned before, these values of ∆λ1D-lp can be used to determine the
resonant wavelength of each mode by Eq. 3.8, which will then be used to
calculate the mode-resolved threshold material and modal gains. Fig. 3.14
illuminates another interesting aspect of VCSELs; for a fixed ∆n, not only
does the mode spacing from the plane wave wavelength decrease as rox in-
creases but so too does the wavelength spacing between individual modes. In
the limit as rox approaches infinity, the radial wavevector kr for each mode
approaches 0 as they are far from cutoff. In other words, each mode becomes
more plane-wave-like, the limit of which is a true plane wave propagating in
the z-direction through a material with a bulk refractive index ncore, which
is exactly the result of the propagation matrix method from the previous
section.
Once the properties of the transverse modes are known it is possible to
calculate the transverse energy confinement factor Γr,lp, defined in this case
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as the overlap of each mode with the oxide aperture. However, it is more
appropriate to use a mode-specific value of the imaginary part of the QW
refractive index κlp when determining the radial overlap. κlp is obtained in
the same manner as κ (the 1D plane wave extinction coefficient) except the
input wavelength for the propagation matrix method is now λ1D-lp.
3.3.4 Mode-Specific Threshold Properties
As seen in Fig. 3.14, the wavelength spacing of each mode from the plane
wave resonant wavelength can be several nanometers. For the DBR mirrors
used in state-of-the-art VCSELs, the wavelength of each mode falls squarely
within the reflection stop band. In fact, since the 850-nm VCSEL has a
plane wave resonant wavelength of λ1D = 853.05 nm with a DBR design
wavelength of 850 nm, the mode wavelengths actually have slightly better
reflectance values, and therefore lower threshold material gains, since they
are closer to the Bragg wavelength (see Fig. 2.3). As such, the change in
reflectance between λ1D and each λ1D-lp is small enough that the difference
in the threshold material gain should be negligible. However, it is impor-
tant to use λ1D-lp to calculate the mode-specific effective threshold material
gain gth,lp,eff not only for the sake of completeness but because the addition
of a DAP layer can have dramatic effects on the reflectance curve near the
design wavelength. As seen in Fig. 3.5, in the case of 20.5 pairs of DBR
the difference in reflectance between the Bragg wavelength of 850 nm and
a wavelength of 845 nm is only a hundredth of a percent (0.01%). When
a quarter-lambda thick dielectric layer with n = 4 is added, the change in
reflectance between the same two wavelengths increases by almost 2 orders
of magnitude to 0.83%, along with the dramatic decrease of the absolute re-
flectance at each wavelength. Given the short cavity lengths in VCSELs this
is a non-negligible difference, especially when the purpose of the DAP filter
is to extract the maximum amount of single-mode power from the device. It
is also important to note that these numbers are for a perfect DBR mirror
stack on a GaAs substrate, the actual cavity properties will not necessarily
follow the same trend.
With this in mind, it is necessary to find a threshold material gain for
each λ1D-lp. Since each wavelength corresponds to a resonant cavity mode of
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the VCSEL structure it can be used in the propagation matrix method while
the QW extinction coefficient κ is swept, just as was done for λ1D. When
the real part of Eq. 2.7 equals one, the mode resolved threshold extinction
coefficient κth,lp is known and gth,lp,eff can be calculated from Eq. 3.5 (λ1D
being replaced by λ1D-lp).
Fig. 3.15 plots gth,lp,eff calculated using the backwards propagation matrix
method for a step-index VCSEL with rox = 2 µm (Fig. 3.15(a)) and rox = 3
µm (Fig. 3.15(b)). The importance of the distinction between λ1D and λ1D-lp
is clear even when comparing the first two transverse modes (LP01 and LP11)
of the 2 µm radius device, where the difference in threshold material gain is
over 200 cm−1 at the LP11 cutoff and increases to almost 400 cm−1 for ∆n
= 2×10−2. The difference decreases as rox increases to 3 µm since ∆λ1D-lp is
smaller in magnitude over all ∆n (see Fig. 3.14).
With the proper values of κth,lp known for each mode, it is appropriate to
calculate the transverse energy confinement factor Γr,lp, given as:
Γr,lp =
∫
core
R,QW |Ecore(r)|2 rdr∫
core
R,QW |Ecore(r)|2 rdr +
∫
clad
n2QW |Eclad(r)|2 rdr
(3.12)
where current spreading is ignored and it is assumed that the uniformly
pumped gain region has the same radius as the oxide aperture or core (hence
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Figure 3.15: Calculation of the effective threshold material gain per mode
for an oxide radius of (a) rox = 2 µm and (b) rox = 4 µm. This quantity
takes into account any changes in reflectance or optical confinement factor
due to the mode wavelength difference from the cavity wavelength.
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the constant value of R,QW over the gain region). Thus, the unpumped
region (clad) has a purely real refractive index. The transverse mode profile
intensity is given by [68]:
|E(r)|2 = Ψlp(r) =
{
αlpJ
2
l (ulpr/rox) , 0 < r ≤ rox
αlpK
2
l (wlpr/rox) · J
2
l (ulp)
K2l (wlp)
, r > rox
(3.13)
where ulp and wlp are the eigenvalue solutions for each mode given by Eqs. 2.30
and 2.31, respectively, and αlp is the normalization constant calculated by:
2
r2ox
·
∫ ∞
0
Ψlp(r)rdr = 1 (3.14)
Unless a full 3D analysis (including polarization-resolved modes, diffrac-
tion, or non-linear effects such as birefringence) of the device is performed,
the mode-specific threshold parameters are only valid when most of the op-
tical power is confined within the core region of the waveguide, which occurs
for a smaller range of ∆n values at each rox than is indicated by the previ-
ous figures. This is particularly true for the LP approximation used, which
explicitly assumes that kr ≈ 0, a condition that does not hold for large index
steps or small oxide radii. Thus, the final mode-specific threshold properties,
used later when modeling the effect of the DAP filter, are kept only when
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Figure 3.16: Calculation of the mode-specific transverse optical confinement
factor for an oxide aperture radius of (a) rox = 2 µm and (b) rox = 4 µm.
Only modes with a greater than 90% overlap with the oxide aperture are
kept since the LP model assumes the paraxial approximation, kr ≈ 0.
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Γr,lp ≥ 0.90 [47, 69]. Fig. 3.16 plots the values of Γr,lp ≥ 0.9 as a function
of ∆n for rox = 2 µm (Fig. 3.16(a)) and rox = 3 µm (Fig. 3.16(b)). For
∆n = 2×10−2, the number of transverse modes fitting the criterion has de-
creased from five to two for rox = 2 µm and from ten to six for rox = 3 µm.
As expected, the higher-order modes have larger leakage into the cladding
than the fundamental mode and Γr,lp for all modes increases along with the
core/cladding refractive index difference.
Fig. 3.16 also illuminates a distinction that must be made between the
effective threshold material gain gth,lp,eff and the actual threshold material
gain gth,lp. Since the propagation matrix approach has no explicit information
about the radial properties of the VCSEL, it stands to reason that neither
does gth,lp,eff. Even though λ1D-lp was calculated from the step-index fiber
approximation, when used in the propagation matrix calculation it is treated
as a plane wave which, by definition, has no radial dependence. As such, it is
important to recognize that gth,lp,eff represents a scenario where the transverse
mode profile and uniformly pumped gain region overlap perfectly (Γr,lp = 1),
which is only possible if the cladding dielectric layer is replaced by a PEC at
r = rox. In other words, gth,lp is the material gain that the gain region must
reach such that the LPlp-th mode “sees” the plane-wave threshold material
gain, gth,lp,eff:
gth,lp =
gth,lp,eff
Γr,lp
(3.15)
Fig. 3.17 plots gth,lp as a function of ∆n for rox = 2 µm (Fig. 3.17(a)) and
rox = 3 µm (Fig. 3.17(b)) and Γr,lp ≥ 0.90. While the threshold material gain
for all modes has increased compared to Fig. 3.15, so too has the difference
between each mode.
Fig. 3.18 plots the threshold modal gain (Γgth)lp, the product of the optical
confinement factor and the threshold material gain:
(Γgth)lp = Γz,lp · Γr,lp · gth,lp = Γz,lp · Γr,lp ·
gth,lp,eff
Γr,lp
= Γz,lp · gth,lp,eff (3.16)
Interestingly enough, since no diffraction effects are considered the thresh-
old modal gain does not require the calculation of anything beyond the plane
wave characteristics of each mode (of course, to do this would be to ignore
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the condition that Γr,lp ≥ 0.9). This is because the threshold modal gain is
defined in Eq. 2.6 as the summation of z-dependent cavity losses only. Since
absorption has been ignored, the threshold modal gain in this case is simply
a representation of the mirror loss for each mode as a function of the resonant
wavelength. Γz,lp will also change slightly with wavelength since the real and
imaginary parts of Eq. 2.7 must be satisfied simultaneously; a fixed cavity
length implies a shift of the anti-node positions as λ changes. However, the
change is less than 0.5% compared to the 1D resonance case (Γz = 3.24% as
seen in Fig. 3.12) for the first 10 LP modes at the smallest calculated device
radius of rox = 2 µm and only decreases as rox increases, meaning the bulk
of the threshold modal gain difference between modes is due to differences in
gth,lp,eff.
In some cases it is desired that the cavity loss be represented by an optical
loss term, specifically the photon lifetime τp,lp, which describes the average
amount of time a photon will spend in the resonator before either being emit-
ted through a mirror facet or absorbed. Higher values of τp,lp are indicative of
a better resonator. Since no absorption or diffraction losses are considered in
this particular structure, a longer photon lifetime implies higher reflectance
mirrors. τp,lp is related to the threshold modal gain Γz,lp and the modal
effective index neff,lp in the following way [41]:
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Figure 3.17: Calculation of the mode-specific threshold material gain for an
oxide radius of (a) rox = 2 µm and (b) rox = 4 µm. Since the modes do not
overlap 100% with the gain region (assumed to be the same size as the
oxide aperture) they each need a larger material gain in order to “see” the
threshold material gain calculated assuming complete overlap.
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Figure 3.18: Calculated threshold modal gains, the product of the threshold
material gain and the optical confinement factor, for an oxide radius of (a)
rox = 2 µm and (b) rox = 4 µm. The threshold modal gain is equal to the
sum of the losses in the cavity. Absorption and scattering losses are ignored
in this calculation so the threshold modal gain equals only the total mirror
loss.
1
τp,lp
= vg (Γgth)lp (3.17)
where vg = c/neff,lp (c being the speed of light in a vacuum) is the waveguide
group velocity along the z-direction [67]. The photon lifetime τp,lp is plotted
in Fig. 3.19, with the dashed-black line representing the photon lifetime of
the plane wave cavity resonant solution calculated for the 850-nm VCSEL
structure at the beginning of this chapter. If the mirror reflectance values
and threshold material gain are unknown, the low calculated values of the
photon lifetime still illuminate that the losses in this particular resonator are
high (typical state-of-the-art VCSELs will have photon lifetimes on the order
of several picoseconds [70]).
A lower photon lifetime is also directly associated with a smaller damping
rate γ via the K-factor, a figure of merit for high-speed modulation. A lower
photon lifetime leads to a lower K-factor and an increase in VCSEL mod-
ulation bandwidth [71], offering the interesting possibility of utilizing DAP
filters as highly customizable, easily fabricated high-speed modifications.
With the information gained about the 850-nm oxide-confined VCSEL
structure it is now possible to use the Quasi-3D model to test the effects of
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Figure 3.19: Calculated values of the photon lifetime for each mode for an
oxide radius of (a) rox = 2 µm and (b) rox = 4 µm. The dashed line is the
photon lifetime of a plane wave at the cavity resonant wavelength. A lower
photon lifetime indicates a higher mirror loss. The photon lifetime for the
850-nm VCSEL is much lower than that of other VCSELs, which are
typically on the order of picoseconds.
cylindrically symmetric mode selection elements, specifically the patterned
dielectric anti-phase filter, on the threshold properties of each mode. Unlike
in the above analysis, the mirror loss becomes a function of r, αm(r). Since
it is desired that the VCSEL emit only in the single-fundamental-mode, filter
configurations that minimize the mirror loss in the center of the VCSEL and
maximize it elsewhere are needed.
3.4 Modeling the Mode-Selection Element
Since each transverse mode in a device fabricated using the 850-nm VCSEL
wafer will initially have large values of threshold material and modal gain
(Fig. 3.17 and Fig. 3.18, respectively), it makes logical sense that any mode-
selection element used to facilitate the lasing of the fundamental mode will
be located radially near the origin of the z-axis. Before considering the
type of modification (i.e. surface-relief or dielectric anti-phase filter) it is
important to establish that the element constitutes only a perturbation to
the waveguiding properties of the oxide-confined VCSEL. If this is not the
case, the characteristic equation for the LPlp modes in a two layer, step-
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index dielectric waveguide (Eqs. 2.35 - 2.31) and their corresponding radial
field intensities (Eq. 3.13) will need to be reformulated for a three-layer (or
more) dielectric waveguide. Since the effectiveness of the mode-suppression
element depends on its overlap (or lack thereof) with the fundamental mode,
a perturbation to the waveguide that is significant enough to fundamentally
alter the shape of each mode is undesired.
While the specifics of the dielectric anti-phase filter used in this dissertation
(such as the dielectric materials and their properties) on oxide-confined and
proton-implant VCSELs are left to Chapter 4 and Chapter 5, respectively,
this section will discuss in a general sense how the effect of a DAP filter on the
threshold properties of each mode in oxide-confined VCSELs is accounted
for in the Quasi-3D model. The modeling of the effect of the DAP filter on
proton-implanted devices is discussed in Chapter 6. In much the same way
that the transverse confinement factor Γr,lp quantifies the overlap of each
transverse mode profile with the oxide aperture, a similar confinement factor
measures the overlap of each transverse mode with a DAP filter. Assuming
the filter is a pillar with radius rf ≤ rox, the overlap of the mode with the
structure, Γf,lp, is defined as:
Γf,lp =
∫ rf
0
R,QWΨlp(r)rdr∫ rox
0
R,QWΨlp(r)rdr
(3.18)
Γf,lp has a maximum value of 1 (when the filter is as large as the oxide
aperture) and a minimum value of 0 (when there is no filter). For rf = 0,
the threshold properties of each mode reduce to the unperturbed solutions
calculated in the previous sections. The portion of the mode that does not
overlap with the filter element is simply 1 - Γf,lp.
Note that for this particular filter configuration (a pillar centered over the
oxide aperture), Γf,lp is undefined for values of rf > rox since the perturbation
is designed for the fundamental mode, which has the largest Γr,lp values and
most of the field located at the center of the VCSEL. Thus, when rf = rox it is
acknowledged that the filter will simply continue to decrease in effectiveness
as rf increases, though only slightly due to the requirement that Γr,lp ≥ 0.9.
Fig. 3.20 plots Γf,lp for the first ten LP modes as a function of the dielectric
filter pillar to oxide aperture ratio rf/rox for rox = 4 µm and ∆n = 0.0165. In
this VCSEL, all of the first 10 LP modes satisfy the criterion that Γr,lp ≥ 0.9.
This figure illustrates the importance of including the higher-order modes in
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the analysis of the DAP filter or designing the VCSEL to eliminate them
completely (by reducing rox or ∆n). The LPl1 modes with l ≥ 1, circled with
the ellipse, are not problematic since they have a much smaller overlap with
a filter at the center of the VCSEL over the entire range of filter radii rf .
However, it is the higher-order LP0p and LPlp, with l ≥ 1 and p ≥ 2, modes
that pose a threat to the effectiveness of the DAP filter for achieving single-
fundamental-mode operation. In fact, for an rf/rox ratio range of 0 to 0.4
the LP02 mode (which is the fourth lasing mode) has a higher overlap with
a pillar filter element than the fundamental LP01 mode. The LP03 mode has
an even more pronounced increase in Γf,lp than LP01, though over a reduced
rf/rox range of 0 to 0.3.
As Fig. 3.20 highlights, it is important to include more than just the first
few VCSEL modes when determining the efficacy of the DAP (or any) filter
since there are multiple higher-order modes that equal or surpass Γf,lp of
the fundamental mode. Understanding why this specific set of modes is
so problematic simply requires knowledge of the transverse mode intensity,
plotted in Fig. 3.21 from the origin to the oxide aperture radius rox = 4
µm. Since these modes are normalized (Eq. 3.14), the relative differences in
magnitude of the intensities at each point have physical meaning and convey
information about Fig. 3.20. Assuming the existence of a DAP pillar element
centered at the origin with an initial radius rf = 0, increasing the radius of
the filter results in an immediate and large overlap with the LP03 and, to a
lesser extent, LP02 modes. As the filter radius reaches the radial nodes of
each mode, it is expected that the overlap will remain plateau. For example,
changing the filter radius between rf = 1 µm and 1.5 µm, corresponding
respectively to rf/rox = 0.25 and 0.375, should result in only a fractional
increase in Γf,lp. This is confirmed by Fig. 3.20 as the value of Γf,lp for LP03
plateaus within that range. Even without knowledge of the transverse mode
profiles the number of plateaus and their location on both the Γf,lp and radial
axes in Fig. 3.20 indicate not only the number of nodes, but the distribution
of the intensity into each peak as well as the width of the nodes. Modes with
near-zero values in a wide range around the origin correspond to l-numbers
≥ 1.
With Γf,lp, it is now possible to calculate the threshold material gain of
each mode gth,lp for a VCSEL with a given oxide aperture radius rox and
core/cladding refractive index step ∆n as a function of the dielectric anti-
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Figure 3.20: Calculation of the overlap between each of the first 10 LP
modes and a pillar centered over the oxide aperture, as a function of the
ratio of the pillar radius and oxide radius (rox = 4 µm, ∆n = 0.0165). The
LP modes with a peak at the center of the device initially overlap
significantly as the pillar radius increases from 0. These particular modes
will pose problems for any mode-selection element designed to select only
the fundamental LP01 mode.
phase filter pillar radius rf . In essence, the Quasi-3D model that began with
the calculation of the 1D resonant wavelength of the oxide-confined VCSEL
structure can be used to determine the ideal configuration of a DAP filter:
the number of dielectric layers needed, the thickness of each layer (with or
without prior knowledge of the refractive index), and the radius rf . Fig. 3.22
plots gth,lp as a function of rf/rox for a VCSEL with rox = 4 µm and ∆n =
0.0165. The particular details of the dielectric anti-phase filer used in the
model of the oxide-confined devices are left for discussion in Chapter 4, but
the structure consists of two dielectric layers, the first layer being a blanket
layer silicon dioxide (SiO2) and the second, which forms the pillar, of titanium
dioxide (TiO2). The SiO2 layer serves to increase mirror loss of the device
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Figure 3.21: Plot of the electric field intensity versus radial position of the
fundamental LP01 mode (solid black) as well as the problematic modes
from Fig. 3.20. These modes include the higher order LP0p and LPl2 modes
which have large peaks at or close to the center of the aperture or peaks.
compared to the unmodified case while the TiO2 pillar decreases the mirror
loss at the center of the device to facilitate single-fundamental-mode lasing.
The purpose of plotting gth,lp in Fig. 3.22 is to determine the ideal pil-
lar radius rf to maximize the difference in threshold material gain between
the fundamental mode and the nearest higher order mode (which will not
necessarily be the first higher-order mode, LP11, as evidenced by Γf,lp from
Fig. 3.20). In this case, the maximum gth,lp difference occurs when rf = 0.66·
rox. This point coincides with the gth,lp crossing point between the LP03 and
LP11 modes. If the LP03 mode is not supported in a particular VCSEL, the
value of rf that maximizes the difference in gth,lp will decrease.
Since the core/cladding refractive index difference ∆n is simply an input
parameter used to calculate the fiber mode properties in the Quasi-3D model,
it is impossible to know the true value for any particular VCSEL. Even pa-
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Figure 3.22: Mode-specific threshold material gain as a function of the ratio
of the filter pillar radius to the oxide radius. Since the pillar layer is
designed to counteract the anti-phase reflections and reduce R for any
overlapping modes, a ratio of 1 should correspond to an low threshold
material gain for all modes. The ideal filter radius is at the point that
simultaneously minimizes the threshold material gain for the LP01 mode but
also maximizes the difference between it and the nearest higher order mode.
This corresponds to a filter radius that is equal to 67% of the oxide radius.
rameters such as the oxide radius, controlled by the duration or temperature,
among other things, of the wet oxidation process will have variations across
devices of the same size or between fabrication runs. This introduces a po-
tential limitation on the dielectric pillar; if the ideal value of rf strongly
depends on either rox or ∆n it is almost impossible to design an ideal filter
size for devices. Fig. 3.23 plots the difference in gth,lp between the LP03 and
LP11 modes as a function of rf/rox for rox = 4 µm and 7.5 µm (inset). Each
curve represents a different value of ∆n between 0.002 and 0.02 for which the
LP03 mode exists. As ∆n increases, the ideal size of rf decreases, though the
change is by less than a tenth of a percent for rox = 4 µm and only 2% for
rox = 7.5 µm. It should also be noted that the difference in the ideal value
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Figure 3.23: Threshold material gain difference between the LP03 and LP11
modes. These two modes cross at the position of the ideal filter radius so it
is important to determine if any change in the oxide aperture radius or the
refractive index step ∆n will change the position of maximum efficiency.
The change in the ideal filter pillar radius is negligible for rox = 4 µm and
less than 2% for rox = 7 µm.
of rf is less than 2% when comparing the two different device sizes. As such,
the ideal filter size remains approximately the same between device sizes and
∆n ranges.
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CHAPTER 4
OXIDE-CONFINED VCSEL RESULTS
4.1 Determining the Dielectric Anti-Phase Filter
Parameters
The dielectric anti-phase filter deposited on the oxide-confined 850-nm VC-
SEL structures discussed in this chapter differs dramatically from the ide-
alized version presented in Sec. 3.2. In the case of a 20.5 DBR pair stack,
the mirror loss is minimized due to the high power reflectance (R = 99.61%)
meaning an additional quarter-lambda layer of dielectric material introduces
anti-phase reflections that destructively interfere with the standing wave pat-
tern and decrease the reflectance (Fig. 3.5). In the case of only 20 pairs of
DBR, the anti-phase filter served to correct the destructive interference effects
caused by the missing DBR half-pair, increasing the reflectance (Fig. 3.9). A
more complex DAP filter is needed for the 850-nm layer structure since the
mirror loss is neither minimized nor maximized. To illustrate this, Fig. 4.1
plots the calculated plane wave threshold material gain gth,1D as a func-
tion of etch depth into the 140 nm GaAs cap layer (solid red line) and fi-
nal Al0.15Ga0.85As layer (dashed blue line), both of which are described in
Sec. 3.3.1. At an etch depth of 113 nm the threshold material gain is max-
imized at a value of 7669 cm−1, compared to a value of 6474 cm−1 for an
unmodified structure. Since any increase in the threshold material gain of
the higher-order modes is helpful, the fact that the bare 850-nm structure is
not at the peak threshold material gain indicates there is room for a DAP
filter to further enhance the anti-phase destructive interference.
Fig. 4.1 also highlights why other mode-suppression techniques such as the
inverted surface-relief method would be difficult to implement on this struc-
ture: the minimization of the threshold material gain requires the removal
of approximately 25 nm to 75 nm of GaAs. Wet chemical etching is not
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practical due to the lack of an etch stop layer within the GaAs cap, meaning
the etching solution and time need to be precisely controlled on a run-to-run
basis. Etching via heavy-ion argon milling has sufficient accuracy to remove
this amount of material though this technique can cause physical damage
to the remaining GaAs cap layer and underlying DBR layers, resulting in
an increase in absorption, scattering, and defect density [22], decreasing the
VCSEL performance, stability, and lifetime. Dry etching via reactive ion
plasma-based systems can be used, but control of the etch uniformity across
the chip or wafer must be less than the 50 nm etch tolerance range to maintain
high device yields and consistent/repeatable performance, a difficult feat to
achieve. In addition, traditional end-point-detection techniques in these sys-
tems, such as laser-interferometry or optical emission, would require nearly
exact knowledge of the etch rate between runs since they are most effective
when used to determine a change between materials, which is not the case
for the removal of only a portion of the GaAs layer.
The dielectric anti-phase filter suffers from none of the above issues since
the method is additive and non-destructive in nature and requires only the
deposition and patterning of dielectric materials to spatially modify the ma-
terial loss. There are a wide variety of optical coating tools and techniques
that can be used, such as electron beam (e-beam) deposition, ion-assisted
e-beam deposition, advanced plasma reactive sputtering (APRS), and ion-
assisted plasma-based sputtering, all of which have precise and controllable
deposition rates, in-situ thickness monitoring, and are highly uniform across
wafers. Another advantage of the DAP filter is that the patterning of the
dielectric layers can be done using a simple photolithographic lift-off tech-
nique, eliminating the need for etching any of the dielectric layers, which
would simply re-introduce the aforementioned etching issues.
When deposited on the 850-nm VCSEL structure, the DAP filter will ide-
ally perform two critical functions: reduce the threshold material gain for
the fundamental transverse mode (LP01) and simultaneously increase the
threshold material gain for the higher-order modes relative to their unmodi-
fied VCSEL values. As Fig. 3.5 (Fig. 3.9) demonstrates, simply depositing a
quarter-lambda-thick dielectric layer, regardless of the refractive index, will
introduce (correct) anti-phase reflections and decrease (increase) the power
reflectance on a perfect DBR mirror. While a higher refractive index has a
larger effect, common and easy to deposit dielectric materials such as silicon
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Figure 4.1: Threshold material gain as a function of etch depth into the top
GaAs cap and Al0.15Ga0.85As layers on the 850-nm VCSEL. When the cap
layer is unetched, the threshold material gain is not actually maximized,
indicating the dielectric anti-phase (DAP) filter should be designed to both
minimize and maximize the mirror loss for different modes.
dioxide (SiO2, n ≈ 1.44 at λ = 850 nm) and titanium dioxide (TiO2, n ≈ 2.27
at λ = 850 nm) will still have the desired result despite their lower refractive
index values.
In this case, the top mirror is approaching perfect anti-phase reflection (the
case in Fig. 3.9) but since gth,1D is not yet maximized it is required that the
first deposited layer of dielectric material enhance the anti-phase reflection.
In the case of perfect anti-phase reflection, a quarter-lambda thick dielectric
layer would decrease the mirror loss and lower gth,1D while a half-lambda thick
layer would be optically inactive from the perspective of the cavity since the
phase shift is 2pi, as given by Eq. 2.10. As such, it is clear that the thickness
of the layer t1 in this instance must be close to 0 (t1 = δt) or to any integer
multiple of half-lambda (t1 = δt + mλ/2n1). Using SiO2 as the dielectric
for the first layer, a surface plot of the calculated 1D threshold material gain
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Figure 4.2: Calculated threshold material gain as a function of both
thickness and refractive index of a single layer of SiO2 deposited on the
850-nm VCSEL. The solid black line on the color bar indicates the
threshold material gain of the bare structure, meaning even a lower
refractive index dielectric layer can still increase the anti-phase effect.
gth,1D as a function of both the SiO2 thickness and refractive index is given
in Fig. 4.2. The black line on the color bar to the right of the figure is placed
at the 1D threshold material gain of the bare VCSEL (an etch depth of 0 nm
in Fig. 4.1), equaling 6474 cm−1. As predicted, the maximum values of the
threshold material gain correspond to thicknesses greater than a half-lambda.
For example, at a refractive index of nSiO2 = 1.45, a half-lambda layer has a
thickness of 294 nm while the gth,1D maximum occurs at a thickness of 325
nm, a 31 nm difference. As nSiO2 increases so too does the magnitude of the
gth,1D maximum, a behavior predicted in Fig. 3.5. However, the trade-off for
using a higher refractive index dielectric is a decrease in the layer thickness
range over which gth,1D > 6474 cm
−1.
Once gth,1D is maximized, the condition for perfect anti-phase reflection is
met. In order to counteract this effect, an equal or higher refractive index
dielectric must be deposited with a thickness t2 = λ/4n, as demonstrated in
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Fig. 3.9. The larger the difference in refractive index between layers 1 and 2,
the more gth,1D is reduced. Fig. 4.3 plots gth,1D as a function of thickness and
refractive index of a TiO2 layer deposited on top of an SiO2 layer with tSiO2
= 325 nm and nSiO2 = 1.45. The black line along the surface plot represents
the quarter-lambda thickness of the TiO2 layer (λ1D = 853.05 nm) for the
corresponding refractive index, which also happens to mark the location of
minimum gth,1D. Thus, the most effective anti-phase dielectric filter to facil-
itate single-fundamental-mode lasing in the 850-nm VCSEL consists of two
dielectric layers with refractive index n2 > n1 and t2 = λ/4n2. However, the
oxide-confined VCSELs presented in this chapter actually consist of three
separate layers: a blanket layer of SiO2 deposited over the entire top surface
of the VCSEL (345 nm thick), a thin (≈12 nm) blanket layer of TiO2, and
the true mode-selection element, a final patterned TiO2 layer in the shape
of a pillar (86 nm thick), centered over the oxide aperture. The combined
thickness of the thin TiO2 layer plus pillar (98 nm) is calculated using exper-
imentally measured values of thickness and refractive index of the SiO2 layer
after deposition and device testing, as well as ellipsometer refractive index
measurements of TiO2 deposited on GaAs witness samples immediately prior
to the deposition on actual devices.
The thin TiO2 layer is necessary to maintain the function of the DAP filter
due to the removal of part of the GaAs cap layer during device fabrication.
Exposure to radio frequency (RF) plasmas during hard mask removal and the
solubility in deionized (DI) water of the GaAs native oxide that forms when
the semiconductor is exposed to ambient atmosphere result in the sputtering
and etching, respectively, of multiple tens of angstroms of the GaAs cap layer.
In the context of fabricating a regular VCSEL, this slight material removal
from the GaAs cap layer would be insignificant but Fig. 4.1 demonstrates
why this is extremely detrimental in this particular 850-nm VCSEL layer
configuration. The issue is similar in nature to the difficulties experienced
when fabricating a mode-selection element using the surface-relief method:
the threshold material gain is sensitive to slight variations in etch depth,
particularly when the goal is to maximize the destructive interference caused
by the anti-phase reflection. For example, in the 850-nm VCSEL, the removal
of only 5 nm from the GaAs cap layer reduces the threshold material gain
34% from the original value (6474 cm−1 to 4287 cm−1). If 10 nm is removed
the threshold material gain decreases to 2762 cm−1, a 57% reduction from
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Figure 4.3: Calculated threshold material gain as a function of both
thickness and refractive index of a single layer of TiO2 deposited on top of
an SiO2 layer with n = 1.45 and t = 325 nm, on the 850-nm VCSEL. The
SiO2 values are determined from Fig. 4.2 to maximize the threshold
material gain. The addition of the TiO2 layer serves to counteract the
anti-phase reflections and greatly reduce the threshold material gain. The
black line corresponds to both the minimum threshold value and the
quarter-lambda thickness at a given refractive index.
the original value.
An unfortunate consequence of run-to-run process variation is that it is dif-
ficult to determine the amount of GaAs removed before depositing the first
layer of the dielectric filter, particularly if the variation occurs after testing
the unmodified devices (for example, during sample cleaning after lithog-
raphy). This means that a filter layer designed to maximize the threshold
material gain of a device with an intact cap layer (140 nm thick) will not
function as effectively on a device with a decreased cap thickness. This effect
is demonstrated in Fig. 4.4, which plots the plane wave threshold modal gain
(Γgth)pw as a function of DAP filter thickness for three different GaAs cap
layer values (140 nm, 135 nm, and 130 nm). The filter in this case consists
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of a 345 nm thick SiO2 layer (n = 1.44) followed by a 98 nm thick TiO2
layer (n = 2.27). While the SiO2 layer has no effect on (Γgth)pw for a 140 nm
GaAs cap layer (upper-most blue dashed line), it maximizes (Γgth)pw for the
135 nm thick cap layer (middle blue dashed line), increasing the value 32%
compared to the 135 nm unmodified case, and increases (Γgth)pw by 31% in
the case of a 130 nm cap layer.
While the original (Γgth)pw values for a filter on an unetched cap layer
cannot be recovered using SiO2 as the dielectric material for the first layer,
if a higher refractive index material such as amorphous silicon (α-Si, n =
4) were used the filter would suffer no degradation in mode-selectivity (i.e.
(Γgth)pw with the dielectric layer on an etched cap layer can actually be
higher than the value if the cap layer were completely unetched). The main
drawback of using a higher refractive index material is that the range of cap
thicknesses for which it is effective decreases, meaning unless the process
variation of the cap is precisely known the addition of the dielectric layer
has a larger chance of further decreasing (Γgth)pw. The lower refractive index
SiO2, on the other hand, is effective at increasing (Γgth)pw over a more than
10 nm cap etch depth range, from 140 nm down to below 130 nm. Thus, a
lower refractive index dielectric should be used for the first layer when the
cap thickness is unknown but assumed to be less than 140 nm.
The solid red lines in Fig. 4.4 plot (Γgth)pw as a function of TiO2 (n =
2.27) layer thickness. These lines represent the effective thickness seen by
the fundamental LP01 mode, which is a combination of the thin blanket TiO2
layer (12 nm) and the 86 nm thick TiO2 pillar. The function of the thin TiO2
layer becomes clear as the GaAs cap thickness decreases; it serves to increase
(Γgth)pw for modes that do not overlap with the pillar region.
In the end, Fig. 4.4 illustrates why the dielectric anti-phase filter is such
a powerful tool. In the surface-relief or inverted surface-relief methods, the
unintentional removal of a portion of the GaAs cap layer would have a se-
vere and irreversible impact on the anti-phase reflection properties of the
filter. However, with the DAP filter, not only are the anti-phase reflection
properties recoverable, but the range of different dielectric materials available
means there is plenty of flexibility for how process variability is accounted for
and controlled. Another benefit, discussed in the following sections, is that
measurable device characteristics such as light output versus drive current
(LI) and optical emission spectrum measurements can be used to determine
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Figure 4.4: Calculated VCSEL threshold modal gain (Γgth) for a two
material dielectric filter on the 850-nm VCSEL. A 345 nm thick SiO2 layer
(n = 1.44, dashed blue line) is followed by a 98 nm thick TiO2 layer (n =
2.27, solid red line). Curves are plotted for GaAs cap thicknesses (black
dash-dot line) of 140, 135, and 130 nm. A decrease in the cap thickness
results in a large change in Γgth, meaning care must be taken to avoid
accidental removal during fabrication.
if a mid-process change (the thin TiO2 layer for example) to the DAP filter
is required.
4.2 Fabrication of the Oxide-Confined VCSELs
Circular, single-mesa VCSEL structures of varying diameters have been fabri-
cated via a Cl-based ICP-RIE dry etch process. A selective wet oxidation [49]
of the high-Al-content AlGaAs layer is performed at a temperature of 460
◦C to form oxide apertures with diameters ranging from 3.5 to 7.5 µm in
1 µm increments. The devices are encapsulated with spin-on-glass and vias
are opened to allow for the deposition of a Ti/Pt/Au ohmic contact to the
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Figure 4.5: Cross-sectional diagram of a VCSEL with a dielectric anti-phase
filter consisting of silicon dioxide (SiO2) and titanium dioxide (TiO2). A
portion of the TiO2 layer has been patterned into a circular pillar. A
close-up side view of the GaAs cap layer with the filter is shown in the
upper right while a scanning electron microscope image of the device
cross-section is shown in the upper left.
p-type material and a top-side AuGe eutectic ohmic contact to the n-type
material. An anti-phase dielectric filter is then deposited via plasma-assisted
sputtering, with the final layer being photolithographically patterned into a
circular pillar. Ellipsometer measurements are performed on GaAs witness
samples to determine the thickness and refractive index of each layer of the
filter. Multiple witness samples are used per filter deposition stage, including
before the device deposition, to determine the desired thickness based on the
refractive index, and during the device deposition itself to determine the error
in the thickness and refractive index between the desired and actual values.
A cross-sectional scanning electron microscope image of a VCSEL with the
completed DAP filter on top is shown in Fig. 4.5. The device cross-section
was created not by cleaving but by the use of a gallium focused ion beam
(FIB). A not-to-scale rendering of the cross-section is also shown and the im-
portant portions of the layer structure and fabrication are noted, including
the dielectric filter layers.
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4.3 Unmodified Device Results
The oxide-confined 850-nm VCSELs fabricated and tested have oxide aper-
ture radii ranging from 1.75 µm to 4.25 µm in 0.5 µm increments, for a total
of 6 device sizes. There are two important measurements that need to be
performed to characterize the static (continuous wave, CW) properties of the
DAP filter 850-nm VCSELs: a simultaneous measurement of the optical out-
put power and device voltage as a function of an input drive current (LIV)
and the optical emission spectrum of the device as a function of wavelength.
The CW, room temperature (300 K) LIV curves are plotted in Fig. 4.6 for
a single device from each oxide aperture size. The optical emission spectra
for each device in Fig. 4.6 are plotted in Fig. 4.7 at a drive current near
the thermal rollover point of the corresponding LIV curve. Thermal rollover
occurs as the gain spectrum of the GaAs QWs decreases and shifts away from
resonant wavelength of the cavity due to current-induced heating of the active
region. This self-heating is a complex phenomenon consisting of multiple
factors such as Joule heating due to the series resistance of the DBR mirrors,
carrier leakage out of the QWs resulting in non-radiative recombination in
the barrier region, carrier scattering (thermalization) in the QWs themselves,
and photon absorption [72]. However, the end result is the same: thermal
rollover is a limiting factor in fabricating high-power oxide-confined VCSELs
and, along with inhomogeneous carrier injection and spatial-hole burning of
the carrier reservoir [73], severely limits the single-fundamental-mode output
power.
As expected, as the oxide aperture sizes decreases, so too does the current
at which thermal rollover occurs. This is due to a combination of factors,
the first of which is the increasing differential resistance, and thus operating
voltage and total heat generated at a given injection current, as the oxide
aperture decreases. The second is the much higher thermal resistance of
the γ-Al2O3 formed during the selective wet oxidation of the high-Al-content
oxide layer. This layer prevents the Joule heat generated in the high electrical
series resistance p-DBR region from spreading directly down to the substrate
and heat sink. Instead, the heat is funneled through the oxide aperture itself
and into the electrically pumped active region. Since the oxide aperture area
increases as the square of the aperture radius, larger devices have more room
for the generated heat to flow, reducing the active region temperature at a
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Figure 4.6: Light versus current and voltage versus current (LIV) curves for
850-nm VCSELs with oxide aperture radii ranging from 1.75 µm to 4.25
µm in 0.5 µm increments, for a total of 6 device sizes. Data are taken
before any portion of the filter deposition. All of the devices emit
spontaneously over the entirety of the operating range.
given input current.
The most important thing to note is that the output optical power for all
of these devices is only at the tens of µW-level, well below typical VCSEL
output amounts. There is also no sharp increase in the LI curve that would
indicate the presence of stimulated emission output at the lasing threshold,
meaning all of the devices are emitting only spontaneously. This is con-
firmed by the optical emission spectra in Fig. 4.7, where all of the cavity
mode peaks for every device size are at -50 dBm or lower, corresponding to
less than 10−5 mW of peak power. The presence of these peaks is similar
to the amplified spontaneous emission spectrum of an edge-emitting laser,
which is taken directly below the lasing threshold and used to calculate the
modal gain. They exist in these VCSELs not because the devices are las-
ing but because a fraction of the spontaneous emission, the large envelope
in the emission spectrum that follows the shape of the GaAs QW gain, is
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coupled into the cavity modes. As discussed in Chapter 3, the number of
supported transverse modes increases along with the oxide aperture, while
the wavelength spacing between the modes decreases. It should be noted
that thermal effects were not included in Chapter 3 while they are certainly
prominent at the drive currents for each plotted optical emission spectrum.
This will result in an increase in the mode spacing due to the thermally in-
duced increase in the refractive index of the core region (the oxide aperture)
of the VCSEL. Ignoring non-uniform thermal profiles in the active region,
this can be approximated as an increase in the abrupt index-step ∆n which,
as seen in Fig. 3.14, results in a slight increase in mode spacing. For example,
for the rox = 1.75 µm device, the spacing between the first two cavity mode
peaks increases from 1.1 nm at a drive current of 3 mA to 1.67 nm at a drive
current of 7 mA.
Another potential issue with oxide-confined devices is a non-uniform ox-
idation amount across the sample, whether from a temperature gradient in
the wet oxidation furnace or an issue with the VCSEL sidewall itself. Fig. 4.8
plots the CW, room temperature LIV curves for five separate devices with an
oxide aperture radius of rox = 3.75 µm. While there is a slight variation in
the voltage characteristics between the devices, most likely due to the point-
contact tungsten probe used to contact the p-side top ohmic contact, the LI
characteristics are consistent across devices, indicating minimal variation in
the oxide aperture size.
4.4 Device Characteristics at Each Stage of the
Dielectric Filter Deposition
The dielectric anti-phase filter deposited on the 850-nm VCSEL consists of
three stages, after each of which static device testing is performed. The first
is the blanket deposition of a 345 nm thick layer of SiO2 (n = 1.44) designed
to increase the threshold material gain for a GaAs cap layer between∼130 nm
and 140 nm thick. The second stage is a thin, 12 nm blanket layer of TiO2 (n
= 2.27) which is only deposited after static LIV and emission spectrum test-
ing of devices with the SiO2 layer. As discussed below, device characteristics
clearly confirm the removal of a portion of the GaAs cap layer and necessitate
the deposition of the thin TiO2 layer, though this will not always necessarily
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Figure 4.7: Measured emission spectra for each device size on a bare
850-nm VCSEL. The devices are not lasing, each peak in the spectrum is
due to a small fraction of the spontaneous emission coupling directly into a
cavity mode.
be the case, illustrating the importance of device characterization before any
part of the filter is deposited as well as after each stage of the deposition.
In the third and final stage, an 86 nm layer of TiO2 is deposited. This layer
is patterned into pillars of differing radius centered over the oxide aperture
by a photolithographic liftoff process, eliminating the need for any form of
etching. In the following sections, device characterization measurements are
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Figure 4.8: LIV data for 6 different devices with rox = 3.75 µm. The tight
grouping of the light emission suggests that non-uniformity in the oxide
aperture size across devices of the same expected size is not a factor.
presented for each stage of the dielectric anti-phase filter deposition.
4.4.1 The First Dielectric Layer: SiO2
While the bare VCSEL measurements in the previous section confirm that, as
predicted by the large values of the threshold material gain gth,1D, the devices
are emitting only spontaneously, 345 nm of SiO2 (measured n = 1.44) is still
deposited to ensure any removal of the GaAs cap will be easier to account
for in the later stages of the filter fabrication.
Room temperature, CW LIV and emission spectrum measurements are
once again performed on devices with oxide apertures ranging from 1.75 µm
to 4.25 µm in 0.5 µm increments. The LIV curves are plotted in Fig. 4.9 for
the same devices tested in Fig. 4.6, with the exception of the smallest device
(rox = 1.75 µm) which is discussed separately. While the LI characteristics of
the devices in Fig. 4.9 remain nearly the same as before the deposition of the
SiO2 layer, the voltage drop across each device improved. This is most likely
due to self-annealing of the n-type ohmic contact or sintering of the p-type
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Figure 4.9: LIV curves after the deposition of a blanket layer of SiO2
(measured n = 1.44, t = 345 nm) for all except the smallest device (rox =
1.75 µm). All of the devices still emit spontaneously over the entirety of the
operating range, as designed. The improvement in the voltage
characteristics can be attributed to self-annealing or self-sintering of the
n-type and p-type ohmic contacts, respectively.
ohmic contact during device testing or processing to form the blanket SiO2
layer. Either of these occurrences would reduce the ohmic contact resistance
and decrease the voltage drop at a given drive current without significantly
impacting the active region heating.
The smallest oxide aperture device, however, displays dramatically differ-
ent LIV characteristics after the deposition of the SiO2 layer. Fig. 4.10(a)
plots the LIV measurement of an rox = 1.75 µm bare VCSEL structure, while
Fig. 4.10(b) is the LIV measurement of the same device after the SiO2 layer
deposition. The device is lasing with a maximum output power of Pmax =
2.03 mW, though with a large threshold current of Ith = 1.4 mA, correspond-
ing to a threshold current density of Jth = 14.5 kA/cm
2, nearly 10 times the
amount of state-of-the-art energy efficient VCSELs of the same size emitting
at 850 nm [74]. This implies that even though a large threshold material
gain is needed to lase, gth,lp actually decreased relative to the value of the
bare VCSEL, since those devices did not lase.
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The emission spectrum of the device from Fig. 4.10 before and after the de-
position of the SiO2 layer at a drive current of 5 mA is plotted in Fig. 4.11(a)
and (b), respectively. The bare device is clearly emitting spontaneously into
some of the cavity modes while the SiO2 covered device is actually lasing
single-mode with a side-mode suppression-ratio (SMSR) of 25.14 dBm. How-
ever, at a drive current of 7 mA the device is lasing multi-mode in the first
two modes despite thermally rolling over, indicating the presence of spatial
hole burning or that inhomogeneous carrier injection into the active region is
actively removing carriers from the fundamental mode, allowing the second
mode to turn on.
The explanation for why the smallest device lases and the larger devices
do not is actually quite simple: while the threshold current density increases
as the oxide-aperture size decreases (due to optical scattering from the oxide
layer itself and an increase in leakage current), the change is still relatively
small for devices of this size and layer structure [75]. As the threshold mate-
rial gain can be empirically related to the threshold current density by gth,1D
∼ ln(Jth) [41], an increase in Jth is accompanied by a smaller increase in
gth,1D. Since a decrease in oxide aperture size results in an increase in the de-
nominator of any density quantity by the square of the radius, the fact that
Jth and gth,1D do not change dramatically indicates the threshold current Ith
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Figure 4.10: Measured LIV curves for the smallest oxide radius (rox = 1.75
µm) (a) before and (b) after deposition of the SiO2 layer. The lasing
indicates that the total threshold material gain was reduced in between the
bare device and deposition of the SiO2, which could be caused by the
removal of part of the GaAs cap.
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Figure 4.11: Emission spectra (a) before and (b) after deposition of the
SiO2 layer for the smallest oxide radius (rox = 1.75 µm). At a drive current
of 5 mA the device is lasing in the fundamental mode with a side-mode
suppression-ratio (SMSR) of over 25 dBm.
(the numerator of Jth) should decrease significantly. In the case of the rox =
1.75 µm device, the drive current needed to reach even the large threshold
material gain value is small enough to occur before any heating effects can
red-shift the peak gain off the cavity modes, meaning the smallest devices
will lase while the larger ones do not. However, according to Fig. 4.1, none
of the devices should lase after the deposition of the SiO2 layer unless there
is a removal of a multi-nanometer amount of the GaAs cap in between the
two steps. Since the smallest devices lase, it is safe to assume the thin TiO2
layer is needed to offset the unwanted reduction in gth,1D.
4.4.2 The Second Dielectric Layer: TiO2
The thin TiO2 layer illustrates the flexibility of the DAP filter method for
mode suppression; if the devices do not perform as expected at any stage
of testing, it is possible to recover some of the anti-phase properties of the
original structure. This cannot be done in a surface-relief or inverted surface-
relief device since it would not only be difficult to determine if the relief area
was over- or under-etched but a second etch would need to be performed in
an attempt to save the devices.
The 12 nm thick TiO2 layer (measured n = 2.27) is deposited in the same
location as the underlying SiO2 layer: as a blanket layer covering the entire
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Figure 4.12: LIV curves after the deposition of a thin blanket layer of TiO2
(measured n = 2.27, t = 12 nm) for all except the smallest device (rox =
1.75 µm). All of the devices still emit spontaneously over the entirety of the
operating range, as designed.
top surface of each VCSEL. Room temperature, CW LIV and emission spec-
trum measurements are once again performed on devices with oxide apertures
ranging from 1.75 µm to 4.25 µm in 0.5 µm increments. The LIV curves are
plotted in Fig. 4.12 for all device sizes except the smallest oxide aperture.
The voltage drop across each device is once again decreased relative to the
previous step while the thermal rollover drive current does not change, in-
dicating a continued improvement in the ohmic contact resistance or the
connection between the tungsten probe tip and the top p-side contact. The
less-than-ideal contact resistance immediately after device fabrication can be
mitigated in the future by either a longer thermal annealing time or higher
temperature.
The slight increase in spontaneous emission output power compared to
the previous stage (Fig. 4.9) can be attributed to the decrease in power
reflectance of the top mirror due to the thin TiO2 layer. A lower power
reflectance coincides with a larger threshold material gain due to the increase
in mirror loss, indicating the thin TiO2 layer deposition is working as intended
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Figure 4.13: (a) LIV curves and (b) the emission spectrum at a drive
current of 5 mA for the smallest device size (rox = 1.75 µm) after the
deposition of a thin blanket layer of TiO2 (measured n = 2.27, t = 12 nm).
The thin TiO2 layer is designed to increase the threshold material gain
assuming some of the GaAs cap layer has been removed (Fig. 4.4). The
device is still lasing but with a higher threshold current and lower output
power than with just SiO2.
(Eq. 2.6). However, the argument for an increase in gth,1D made using only
spontaneous emission output power is not as strong as analyzing the change
in the lasing characteristics of the smallest oxide aperture device. Fig. 4.13(a)
plots the measured LIV data for the rox = 1.75 µm device while 4.13(b) plots
the measured emission spectrum at a drive current of 5 mA, the same as the
previous stage. While the SMSR remains relatively unchanged, increasing
by only 0.91 dBm from the SiO2 covered device, the threshold current is
increased by 31% to Ith = 1.834 mA (Jth = 19.1 kA/cm
2) and the maximum
optical output power is decreased by 31% to Pmax = 1.41 mW. The increase
in Ith (Jth) can be directly attributed to the increase in gth,1D due to the
blanket TiO2 layer.
4.4.3 The Patterned Dielectric Pillar: TiO2
With the deposition of the 86 nm thick TiO2 pillar, the overlapping modes,
namely the fundamental transverse mode, see an effective TiO2 thickness
of 98 nm when combined with the thin blanket TiO2 layer. According to
Fig. 4.4, this TiO2 layer should counteract the destructive interference from
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Figure 4.14: Top-down optical microscope image of an oxide-confined
device with the finalized dielectric anti-phase filter on top. The thick Au
layer covering the top-side ohmic contacts appears yellowish-gold in the
image, with the p-side contact located on the upper half of the image and
the n-side contact located on the lower half. The blanket SiO2 and thin
TiO2 layers appear green in the image, while the TiO2 pillar portion
appears as a reddish-pink.
the anti-phase reflections and reduce the threshold material gain to a near-
minimum level. A top-down optical microscope picture of the final fabricated
device is shown in Fig. 4.14. The thick Au layer covering the top-side ohmic
contacts appears yellowish-gold in the image, with the p-side contact located
on the upper half of the image and the n-side contact located on the lower
half. The blanket SiO2 and thin TiO2 layers appear green in the image, while
the TiO2 pillar portion appears as a reddish-pink.
Of particular interest is the smallest oxide aperture device, which began
lasing after the deposition of the SiO2 layer and continued lasing after the
thin TiO2 layer, though not as efficiently due to the increased threshold
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material gain. Fig. 4.15(a) and (b) plot the LIV curves of the device at each
stage of the filter deposition and the emission spectrum after the TiO2 pillar
formation, respectively. In Fig. 4.15(a), the bare device, SiO2, and thin TiO2
LI curves are labeled 1, 2, and 3. The reduction in lasing efficiency with
the thin TiO2 layer is clearly seen in the increase of Ith and the decrease in
the maximum optical power. With the addition of the dielectric anti-phase
pillar, the lasing characteristics of the device (4) improve substantially; the
threshold current decreases to Ith = 546 µA (Jth = 5.68 kA/cm
2) and the
maximum output power increases to Pmax = 3.513 mW, which also happens
to be the maximum single-fundamental-mode output power.
The device actually remains single-fundamental-mode over the entire op-
erating range, with a SMSR of 38.41 dBm at a drive current of 5 mA, just
before thermal rollover occurs, and lasing wavelength of 848.4 nm. This is
important to note because a second lasing mode never appeared in the previ-
ous two stages (with only SiO2 and then with the addition of the thin TiO2
layer), meaning even the addition of a dielectric pillar with a larger radius
than the oxide aperture (rf = 1.8 µm compared to rox = 1.75 µm, rf/rox
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Figure 4.15: (a) LIV curves for each stage of the filter deposition, bare (1),
blanket SiO2 (2), thin TiO2 (3), and patterned TiO2 pillar (4, t = 86 nm,
rf = 1.8 µm) for the smallest device size (rox = 1.75 µm). The addition of
the TiO2 pillar dramatically improves the lasing characteristics. (b)
Emission spectrum at a drive current of 5 mA after deposition of the TiO2
pillar. The device lases in the single fundamental mode throughout the
entire operating range with a maximum single-mode power of Pmax = 3.513
mW. The SMSR between the fundamental mode and the first higher-order
mode has increased to 38.41 dBm.
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= 1.03) does not reduce the threshold modal gain of any higher-order mode
enough to lase. There are two possible ways this could occur: a VCSEL
of this size only supports the fundamental transverse mode, implying the
core/cladding index step is less than ∆n = 5x10−3, or the power flow of the
higher-order modes penetrates a significant enough distance into the cladding
region that the overlap with a pillar even slightly larger than the oxide aper-
ture is not enough to overcome the large scattering losses and mis-alignment
with the active region carrier profile.
As for the larger devices, the addition of the TiO2 pillar results in single-
fundamental-mode lasing over at least part of the operating range, with
multi-mode (three modes maximum) lasing over the remaining drive cur-
rent range. The measured static LIV curves for devices with rox = 3.75 µm
and various pillar sizes (rf/rox from 0.67 to ∼0.73) are plotted in Fig. 4.16(a).
As predicted in Chapter 3 (Fig. 3.21), the threshold current Ith of the de-
vice decreases as the rf/rox ratio increases since the fundamental transverse
mode overlap with the filter is larger. This can be seen in Fig. 4.16(b), where
the red circles indicate the measured threshold current of each device as a
function of rf/rox ratio.
However, there is a fundamental trade-off with increasing rf in that a
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Figure 4.16: (a) LIV curves after the deposition of the TiO2 pillar for
devices with rox = 3.75 µm but different values of the filter radius. As
predicted, the filter facilitates lasing of the devices due to the reduction in
threshold material gain and the effects of the changing filter size can be
seen in the (b) threshold current and maximum single-fundamental-mode
light output power as a function of filter radius to oxide aperture ratio. A
maximum single-fundamental-mode output power of 3.5 mW is achieved.
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Figure 4.17: (a) LIV curves after the deposition of the TiO2 pillar for
devices with rox = 3.25 µm but different values of the filter radius. As
predicted, the filter facilitates lasing of the devices due to the reduction in
threshold material gain and the effects of the changing filter size can be
seen in the (b) threshold current and maximum single-fundamental-mode
light output power as a function of filter radius to oxide aperture ratio.
decreasing Ith will result in a corresponding decrease in the maximum single-
fundamental-mode output power due to the filter overlap with the first higher
order mode, as seen in Fig. 3.21. The black squares in 4.16(b) indicate the
maximum amount of single-fundamental-mode output power for each device.
The criterion for multi-mode lasing in this instance is when the SMSR is
less than 25 dBm. The device with an rf/rox ratio of 0.667, close to the
ideal value calculated in Fig. 3.23, has a maximum single-fundamental-mode
output power (PSFM) of 3.42 mW while the device with rf/rox = 0.733 only
has PSFM = 1.29 mW. Not only is the alignment of the filter with the oxide
aperture important, so too is the actual size of the filter. Other phenomena
such as current crowding at the edge of the oxide aperture, spatial hole
burning, and thermal effects will also exacerbate the issue as they naturally
reduce the higher order mode threshold.
The same trends hold when the oxide aperture size is reduced to rox =
3.25 µm (Fig. 4.17(a)), except the absolute value of Ith decreases (red circles
in Fig. 4.17(b)). This is expected since the threshold carrier density, and
thus gth,1D and Jth, should remain approximately constant for devices of
this aperture size, meaning Ith. While PSFM still decreases with increasing
rf/rox (black squares in 4.17(b)), the absolute value appears to be shifted
upwards compared to the rox = 3.75 µm devices, despite being further away
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from the ideal rf/rox ratio. The smallest rf/rox value is 0.76 in Fig. 4.17,
producing a PSFM of 3.0 mW, offering the hope of achieving even larger
single-fundamental-mode output power with smaller devices. However, the
most likely avenues for increasing PSFM in future devices with DAP filters are
to use a higher refractive index dielectric for the pillar layer, maintain tighter
control over process variability, reduce current crowding at the oxide aperture
edge, which can be done by, among other things, reducing the diameter of
the ring contact close to the diameter of the oxide aperture, and mitigating
the effects of active region heating. One method for increasing heat transport
out of the active region and improving current injection is the removal of the
thick GaAs substrate, followed by In-bonding to a metal heat sink.
4.4.4 Substrate Removal and Heat-Sinking
While Joule (resistive) heating in the DBR mirrors and non-radiative recom-
bination and absorption of spontaneous emission are the primary sources of
heat in the VCSEL structure, an important aspect of the device temperature
performance that should not go unmentioned is need for efficient extraction
of the heat itself. Assuming the top and sides of the device are exposed to
ambient laboratory conditions, the heat flow through those regions will con-
sist of only radiation or convection, both of which are small compared to the
conductive heat flow towards any heat sinks due to the small surface area of
the device. For top-emitting structures, the wafer is typically bonded with
the use of indium paste to a comparatively large metal block. The metal
block is then either actively maintained at a fixed temperature through the
use of a thermoelectric cooler (TEC), though this is mainly for intentional
operation at higher or lower temperatures, or simply uncooled if room tem-
perature is desired. Assuming the substrate is doped and a proper ohmic
contact is deposited on the back of the wafer, the heat sink itself can be
used as one terminal of the current injection circuit instead of two top-side
contacts, though this would only be the case for DC or low-speed operation
since co-planar contacts on the top-side are needed for proper impedance
matching at higher modulation frequencies.
In the 850-nm VCSEL structure used for the oxide-confined devices in this
chapter, the substrate is n-type GaAs with a thickness of over 1000 µm. To
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Figure 4.18: Scanning electron microscope image of a cleaved portion of the
850-nm VCSEL wafer after a chemical-mechanical lapping and polishing
(CMP) process was conducted. The final thickness of the n-type GaAs
substrate is approximately 100 µm, compared to the >1000 µm before the
CMP process. A fabricated oxide-confined VCSEL can be seen in the
background near the top of the image.
test whether the top-side n- and p-type ohmic contacts or the thick substrate
factored into the performance of the devices, a chemical-mechanical lapping
and polishing (CMP) process is conducted, followed by the deposition of an
AuGe eutectic ohmic contact on the back of the thinned substrate for electron
injection. The devices were then In-bonded to a thick copper block for a final
set of room-temperature, continuous-wave LIV and spectral tests. A small
subsection was cleaved off of the main wafer piece before the In-bonding in
order to measure the final thickness of the lapped and polished substrate.
A scanning electron microscope (SEM) picture, shown in Fig. 4.18, clearly
reveals the substrate thickness is reduced by more than a factor of 10 to
around 100 µm.
Similar to Fig. 4.16(a) and Fig. 4.17(a), the room temperature continuous
wave LIV curves for devices with oxide radii of rox = 3.75 µm and rox = 3.25
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Figure 4.19: (a) LIV curves after substrate removal and In-bonding for
devices with rox = 3.75 µm and different values of the filter radius. (b) The
maximum single-fundamental-mode power increases for all filer sizes but
most dramatically for the largest rf/rox ratio, with a 150% increase. The
largest single-mode power increases to Pmax = 4.01 mW.
µm are plotted in Fig. 4.19(a) and Fig. 4.20(a), respectively, for different filter
sizes after substrate removal and In-bonding to a copper heat sink. While the
threshold for each device decreases only fractionally, potentially within the
measurement error of the instrumentation setup, and there is little change
in the peak output power, the maximum single-fundamental-mode output
power increases for both devices and all filter sizes, as plotted in Fig. 4.19(b)
and Fig. 4.20(b). In the case of the rox = 3.75 µm radius device, Fig. 4.19(b),
as the filter size increases the maximum single-fundamental-mode output
power also increases, up to a factor of nearly 1.5 for the largest rf/rox ratio
of 0.73. The maximum single-fundamental-mode power for the rox = 3.75
µm device increases from 3.5 mW to 4.01 mW and for the rox = 3.75 µm
device, from 3 mW to 3.672 mW. The lack of a change in the threshold
current and in the peak output power/thermal rollover current indicates the
removal of the substrate and proper heat sinking did not decrease the total
thermal resistivity of the device and, in turn, the active region temperature
over the range of injection currents. This is unexpected since the reduction
in thickness corresponds to a decrease in thermal resistance, which should
increase the heat transfer out of the active region. One possible explanation
for this behavior is that the main source of heat generation in the device
occurs above the oxide layer, in the p-type top DBR mirror. Since the top
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Figure 4.20: (a) LIV curves after substrate removal and In-bonding for
devices with rox = 3.25 µm and different values of the filter radius. While
the effect of the process compared to Fig. 4.17(a) is visually small, the
increase in single-mode power in (b) before and after is nearly 25% for the
best performing device, which has a new Pmax = 3.672 mW.
of the device was not modified during the CMP/heat-sink procedure and the
highly-doped substrate imparts very little ohmic losses to the structure, the
heat flow is still limited by the oxide aperture itself, which did not change
in size. This indicates that a more efficient heat removal method in these
top-emitting oxide-confined VCSELs would be to electroplate a thick metal
coating, such as Cu, over the top contact and electrically isolated sidewalls
to act as a heat sink [76] and improve vertical and lateral heat extraction.
In theory this would result in a better slope efficiency over the single-mode
operating range of the device, improving the maximum fundamental mode
output power.
However, while the threshold and peak output power values do not change,
the maximum single-fundamental-mode output power increases for all device
and filter sizes, as mentioned above. One possibility for this is an increase
in the uniformity of the current injection profile since the entire bottom of
the substrate is being used as a contact instead of the ring shaped con-
tact surrounding the device on the etched portion of the top surface. This
would result better overlap between the lateral gain profile and the funda-
mental mode at higher injection currents, while reducing the overlap with
the higher-order modes. This should stave off the detrimental effect of spa-
tial hole burning, allowing the extraction of more single-fundamental-mode
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power before the first higher-order mode reaches threshold. Since the mode
shapes remain approximately fixed over the linear regime of the LI curve
due to the fact that the thermal increase in refractive index is much smaller
than the built-in step-like profile, this change in the radial gain in the active
region does not result in any dramatic changes in the LI curve even with the
increase in fundamental mode power.
In the end, it is demonstrated that an easy-to-fabricate, patterned, non-
destructive, dielectric anti-phase filter can be deposited on top of an oxide-
confined VCSEL with a partially anti-phase cap layer to facilitate funda-
mental mode lasing. On this particular layer structure it is also possible
to deposit a DAP filter in the shape of an annulus to facilitate lasing of
the higher-order modes by decreasing the mirror loss laterally in the regions
of high overlap while maintaining high mirror loss, and thus threshold, for
the fundamental mode. The DAP filter can also be used to suppress las-
ing when deposited on a layer structure designed for no anti-phase reflection
(low threshold operation). In this case, a DAP filter in the shape of a pillar
would introduce anti-phase feedback for the fundamental mode and increase
the threshold, while an annulus would suppress the higher-order modes and
promote larger single-fundamental-mode output power. In this chapter, a
three-layer DAP filter consisting only of SiO2 and TiO2 demonstrated the fa-
cilitation of single-fundamental-mode lasing with output powers greater than
3 mW for VCSELs with sizes ranging from 1.75 µm to 4.25 µm in 0.5 µm
increments, with SMSRs ≥ 25 dBm. A maximum single-fundamental-mode
output power of over 4.0 mW with a SMSR of 26 dBm is achieved for a device
with an oxide aperture radius of 3.75 µm and a TiO2 pillar radius of 2.5 µm,
a filter-to-pillar ratio of exactly rf/rox = 2/3, after substrate removal and
In-bonding to a large copper block, though the effect is mainly attributed
to improved overlap between the gain and fundamental mode profiles and
not a decrease in thermal resistance of the device. One potential simple op-
tion for increasing the extracted single-fundamental-mode output power is to
electroplate a thick metal layer over the top contact and electrically isolated
sidewalls of the device, improving lateral heat extraction and increasing the
slope efficiency over the single-mode operation range.
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CHAPTER 5
PROTON-IMPLANT VCSEL RESULTS
5.1 Introduction
While the dielectric anti-phase filter proves to be effective in facilitating
single-fundamental-mode lasing in oxide-confined 850-nm VCSELs, the maxi-
mum single-mode output power and drive current range over which the device
operated only in the fundamental mode was limited, in part, by the heat-
ing of the active region. This is an issue with the oxide material, γ-Al2O3,
and arises due to its large thermal resistance compared to the surrounding
semiconductor. While the oxide aperture does very well as a current and
transverse optical confinement layer, it simultaneously acts as a barrier for
heat generated in the top p-type DBR, forcing it through the small oxide
aperture towards the bottom heat sink. This results in much higher ac-
tive region temperatures compared to a theoretical device that has the same
current and light confinement properties but with an unchanged thermal
resistance in the “oxidized” portion of the layer.
High-energy proton implantation offers such a way to achieve this efficient
heat extract and is a reliable, well-studied, and commercialized method of
creating a high resistance region in a VCSEL wafer while simultaneously
laterally confining the current [77–79].
The mechanism for optical confinement in a proton-implanted VCSEL is
more complicated than in the oxide-confined VCSEL. Since there is no built-
in index step to create a core/clad region (in fact, the proton implantation
will actually decrease the free-carrier absorption loss slightly, resulting in an
increase in the refractive index in the implanted regions and leading very
mild anti-guiding), the optical waveguide forms during the device operation
from a combination of the thermal increase of the real part of the refrac-
tive index in the device center and a phenomenon known as gain-guiding.
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Discussed in Section 2.4, the waveguiding in a purely gain-guided structure
is due to the change in the imaginary part of the refractive index, which
will introduce a position-dependent complex relative permittivity term into
the wave equation, given by Eq. 2.36. While the presence of carriers in the
active region, which are needed for gain, will decrease the real part of the
refractive index, modes can still be guided even with this slight defocusing
or anti-guiding effect. However, as was discussed in Chapter 1 and will be
discussed in this chapter and Chapter 6, the concept of a purely gain-guided
VCSEL, or even of a VCSEL where the carrier induced refractive index dom-
inates the threshold properties, appears to be a misnomer resulting from
both analogies drawn to gain-guided stripe-geometry double-heterostructure
edge-emitting lasers and theoretical treatments of the VCSEL waveguide
which place too much emphasis on the active region properties. At a certain
point above threshold higher-order modes abruptly turn on while lower-order
modes abruptly switch off, an undesirable phenomenon known as mode hop-
ping, due to the change in mode overlap with the gain profile and spatial
hole burning, producing kinks in the light output curves [10, 27].
With the effectiveness of the dielectric anti-phase filter at facilitating lasing
of the fundamental mode already proven for oxide-confined VCSELs, it would
be remiss to not apply the same technique to proton-implanted VCSELs
due to their easier fabrication, planar nature, and better heat extraction
properties. Another benefit, introduced in Section 3.1, is that the number
of supported transverse modes in a proton-implanted device is less than the
number of modes in an oxide-confined VCSEL of the same size due to the
nature of the ideal functional forms of the refractive index profiles, parabolic
and step-like, respectively. This provides further justification for the use of
the DAP filter on proton-implanted VCSELs since larger device sizes can be
used, relaxing the fabrication tolerance of both the proton implantation and
DAP filter pillar lithography steps since an increase in the implant aperture
results in a corresponding increase in the most effective pillar sizes.
As with the oxide-confined VCSEL, it is necessary to do a calculation of
the threshold material gain as a function of dielectric filter refractive index
and material thickness, similar to Fig. 4.4. In the proton-implanted VCSELs,
special care was taken to prevent the GaAs cap in the region over the implant
aperture from coming into contact with deionized water or being exposed to
a sustained amount of RF plasma during fabrication. As such, the DAP filter
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Figure 5.1: Calculated plane wave threshold material gain (gth1D) for a two
material dielectric filter on the 850-nm VCSEL. A 325 nm thick SiO2 layer
designed to maximize anti-phase reflections back into the structure (n =
1.44, dashed blue line) is followed by a 90 nm thick TiO2 layer (n = 2.27,
solid red line) to minimize the destructive anti-phase interference.
is designed for only two layers, unlike the three layer DAP filter deposited on
the oxide-confined VCSELs in Chap. 4: first, a blanket layer of SiO2 with a
thickness of 325 nm and a measured witness sample refractive index of nSiO2
= 1.44, followed by a patterned TiO2 pillar layer centered over the implant
aperture with a thickness of 90 nm and a measured witness sample refractive
index of nTiO2 = 2.33. While the DAP filter on the oxide-confined VCSELs
were designed to minimize the effect of process variability, the proton-implant
DAP filter is designed assuming the GaAs cap remains at the epitaxial growth
thickness of 140 nm, meaning the SiO2 layer is designed to maximize the
plane-wave threshold material gain gth,1D, while the TiO2 pillar thickness
counteracts the destructive anti-phase reflections and minimizes gth,1D. The
calculated gth,1D values are plotted in Fig. 5.1 as the GaAs cap layer thickness
increases from 0 nm to 140 nm (solid black curve), followed by the deposition
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of the SiO2 layer up to a thickness of 325 nm (dashed blue curve), and
finally with the 90 nm thick TiO2 layer (dash-dot red curve). While not
mentioned in Chap. 4, it is important to note there is another value of the
SiO2 thickness, when tSiO2 = 29 nm, which also maximizes the threshold
material gain, though this value was not chosen due to the difficulty with
calibrating a deposition rate for shorter process times in the plasma-assisted
sputterer used. The reason for the existence of this second peak was discussed
in Chap. 4.1 but, briefly, has to do with the fact that the anti-phase reflection
from the GaAs cap layer is approaching, though not quite at, maximum
efficiency, so an enhancement in the effect would require either a thin first
dielectric layer (δt) or a slightly larger than half-lambda optical thickness
layer (λB/2 + δt), since a half-lambda thick layer is optically inactive from
the perspective of the mirror and cavity.
5.2 Fabrication of the Proton-Implanted VCSELs
As mentioned previously, one of the advantages of proton-implanted VCSELs
over their oxide-confined counterparts is the ease of fabrication and planar
nature. The fabrication process begins with the deposition a thin (45 nm)
PECVD silicon nitride layer to isolate the top p-type ohmic contact from
the majority of the semiconductor surface, constraining the available area
for carrier injection to near the proton implant aperture and simultaneously
preventing current leakage to nearby devices. A circular hole and outer an-
nulus (inner radius of 65 µm and width of 25 µm) are etched into this silicon
nitride layer via a F-based RIE dry etch process to allow for top p-type con-
tact deposition/proton-implantation/top emission of laser light and further
device isolation, respectively. A Ti/Pt/Au p-type top contact is deposited
via e-beam evaporation and an AuGe eutectic n-type ohmic contact is de-
posited uniformly over the back of the substrate after a chemical-mechanical
lapping and polishing process is used to thin the substrate to approximately
100 µm in thickness. The wafer is then In-bonded to a copper block for
proper heat-sinking and simple back-side current injection.
In order to ensure proper masking of the high-energy protons over the re-
gion functioning as the device current injection aperture, a thick (>8 µm)
photosensitive polyimide layer is photolithographically patterned into a pil-
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lar, which is slightly offset from the desired aperture position. This position
of the pillar is designed to account for the fact that the implantation will be
performed at a non-normal angle of incidence (6◦). The slight tilt of the wafer
during the implantation is necessary to avoid the effects of ion channeling
due to the crystallographic structure of the semiconductor, which can greatly
increase the implant depth because of the reduced effective stopping power of
the crystal lattice. After the formation of the polyimide pillar, a high-energy
proton implantation is performed at an implant energy of 300 keV and a
dose of 4e14 cm−2. The energy of the implant is designed to peak at a depth
of approximately 2.45 µm which, including the thickness of the p-type top
contact, corresponds to a depth of 2.32 µm (approximately 16 DBR pairs)
into the top DBR mirror. Implant depth calculations were done using the
program Stopping and Range of Ions in Matter (SRIM) [80]. SRIM is also
used to calculate the stopping range of the protons in the polyimide masking
layer to confirm the protons do not penetrate through to the semiconductor
layers underneath. For the polyimide used, the implantation depth at 300
keV is calculated to be approximately 4 µm.
After removal of the polyimide mask, a short (5 to 10 minutes) bake at a
temperature around 350 ◦C is typically performed to anneal out any damage
to the crystal structure from the implantation. In this work, the anneal is
not done since the additional structural defects and damage will actually
increase the loss of any overlapping optical modes which, in this case, are the
undesired higher-order modes.
Since a multi-energy implantation is not performed, it is necessary for
these devices to be further electrically isolated via a wet chemical etch. A
photolithography step is performed to mask the entire area of the wafer
except for the exposed annular semiconductor regions formed during the
earlier RIE etch of the silicon nitride. A phosphoric acid (H3PO4), hydrogen
peroxide (H2O2), DI (1:1:10) solution is prepared and the sample is etched
to a depth of 2.65 µm (18.5 DBR pairs), which is below the peak depth of
the proton implantation.
An optical microscope (OM) image of a fabricated proton-implanted VC-
SEL before the deposition of a DAP filter is shown in Fig. 5.2. The annular
electrical isolation wet etch can be seen around the outside of the device while
the silicon nitride dielectric isolation layer is below the p-type top contact.
The end of this dielectric isolation layer (Contact Isolation End) is 20 µm
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Figure 5.2: Top-down optical microscope image of an unmodified
proton-implanted VCSEL. The top-side p-type ohmic contact (Ti/Pt/Au)
is labeled. Underneath the majority of the contact is a silicon nitride
dielectric layer to electrically isolate the contact from the top surface of the
structure. The contact isolation layer ends slightly more than 20 µm from
the edge of the contact aperture. A wet chemical etch is performed to
partially etch the top p-type DBR and eliminate any leakage current or
electrical cross-talk between devices.
away from the edge of the emission aperture.
Anti-phase dielectric filters can then be deposited via plasma-assisted sput-
tering, with the final layer being photolithographically patterned into a cir-
cular pillar. Ellipsometer measurements are performed on GaAs witness
samples to determine the thickness and refractive index of each layer of the
filter. Multiple witness samples are used per filter deposition stage, includ-
ing before the device deposition to determine the desired thickness based on
the refractive index, and during the device deposition itself to determine the
error in the thickness and refractive index between the desired and actual
values.
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5.3 Unmodified Device Results
The proton-implanted 850-nm VCSELs fabricated and tested have implant
aperture radii ranging from 4.0 µm to 12.75 µm in 0.25 µm increments for
a total of 36 device sizes. In order to facilitate current injection, the top
contact aperture radius (labeled as Emission Aperture in Fig. 5.2) for each
device is designed to be approximately 75% of the corresponding implant
aperture radius. Since the contact metal thickness is much larger than the
penetration (skin) depth of the optical field, any single-intensity-peak higher-
order modes in the radial region between the emission aperture and implant
aperture will be absorbed and no radiation will be emitted. As such, the
proton-implanted device sizes for the rest of this work will be referenced
by their emission aperture radius instead of the implant aperture radius.
This is a reasonable approximation since the lateral straggle of the implant
peak leads to an effective implant aperture size which is smaller than the
designed radius. For each device size, a total of 18 DAP filter pillar sizes
are designed for filter-to-aperture radius ratios (rf/rp) from 0.50 to 0.67
in increments of 0.01. While the maximum rf/rp value of 0.67 is equal
to the ideal ratio calculated in Chap. 3.4 for a step-index oxide-confined
VCSEL, and plotted in Fig. 3.23 over a range of ∆n, the rest of the ratios for
the proton-implant VCSEL DAP filter size are designed to account for the
thermal increase in the refractive index of the device as the injection current
increases. As the device temperature increases, so too does the effective ∆n
between the cool outer radial regions of the VCSEL and the hotter implant
aperture region. Assuming the effective radius of the thermally induced
waveguide increases much more slowly than ∆n, the width of the fundamental
and higher-order modes will decrease as the thermal lensing effect becomes
more prominent. As such, the DAP filter will perform less efficiently at
higher injection currents than at threshold. The smaller filter sizes, due
to decreased overlap with the fundamental mode, sacrifice a lower threshold
current in exchange for a larger range of single-mode operation currents above
threshold.
Room temperature (RT), continuous wave (CW) LIV and optical emission
spectrum measurements are performed after device fabrication and at each
stage of the DAP filter deposition for every other device size and every other
filter size, for a total of 162 out of 648 possible devices. Fig. 5.3 plots the
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Figure 5.3: Room temperature, continuous wave LIV curves measured on
various sized unmodified 850-nm proton-implanted VCSELs. The emission
aperture radii are rp = 3.625 µm (green), 5.125 µm (blue), 6.625 µm (red),
and 8.125 µm (black). Unlike the unmodified oxide-confined VCSELs, each
device size lases, though at a large threshold current. The distinct
non-linearities in the LI curves arise from transverse mode hopping due to
spatial hole burning effects.
CW LIV curves for four different device sizes encompassing a representative
sample of the total range of sizes: rp = 3.625 µm (green), 5.125 µm (blue),
6.625 µm (red), and 8.125 µm (black).
An immediately apparent and major difference between the bare oxide-
confined (Fig. 4.6) and proton-implanted VCSELs is that these devices do not
emit spontaneously over the entire operating range and reach lasing threshold
at larger injection currents. As the device size increases, the ratio between
the lasing range and the maximum operating current increases: the rp =
3.625 µm device lases over approximately 33% of the total operating range
(Ith = 9.5 mA) while the rp = 8.125 µm device lases for 50% of the total
operating range (Ith = 22.5 mA). As expected, both the thermal rollover
point and maximum output power decrease along with the aperture size,
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in part due to the increasing differential resistance as the current injection
aperture decreases, which results in more heat generation in a smaller volume.
The LIV curves for all devices exhibit highly non-linear behavior above
threshold. While kinks are typically present in low-mode-number devices
as spatial hole burning (SHB), a stimulated emission phenomenon which
depresses the carrier density in regions of high mode intensity, influences the
linearity of the mode-resolved, and thus total, output power, the severity of
the fluctuations in the measured power is notable due to the distinct valleys
before the light emission increases again. Since these devices are highly anti-
phase and, thus, have large values of the threshold material gain and, by
extension, the threshold modal gain, the behavior of the light output curves
above threshold can be explained as an extreme SHB process. SHB begins to
saturate the output power of the individual modes as the number of carriers
available for stimulated radiative recombination is locally reduced near the
radial intensity peaks of the mode, which is followed by a reduction in photon
number. An increase in injection current will cause the carrier density in the
radial regions with no stimulated emission to rise and additional modes will
reach threshold. In a traditional multi-mode VCSEL the threshold modal
gains for the different modes are very similar to each other and SHB is
typically accompanied by the nearly immediate turn on of additional modes,
resulting in nearly linear LIV curves. However, in these anti-phase VCSELs
the large modal losses prevent other transverse modes from lasing until there
is a significant increase in carriers in regions with no stimulated emission.
Assuming only a single transverse mode is lasing at any given time, the
valleys in the output power represent the range of injection currents over
which no additional transverse modes have reached threshold.
Fig. 5.4 plots the L-I curve of an rp = 5.875 µm device which demonstrates
the same significant non-linearities in the optical output as the different de-
vice sizes in Fig. 5.3. The measured near-field intensity profiles are shown for
five different currents: (A, directly below threshold) 16.5 mA, (B) 20 mA,
(C) 22 mA, (D) 24 mA, and (E) 26 mA. In order to prevent pixel satura-
tion in the regions of high intensity, an OD 9 neutral density filter (Newport
NE60A-B and NE30A-B) is placed between the device and camera. The OM
image of the top contact of this device is overlayed on the near-field pattern
slightly below threshold (A). The diameter of each picture corresponds to a
distance of 24 µm. The daisy-like near-field patterns illuminate the fact that
106
24 27 30
0.0
0.5
1.0
1.5
2.0
2.5
Current (mA)
O
u
tp
u
t 
O
p
ti
c
a
l 
P
o
w
e
r 
(m
W
)
0 3 6 15 18 219 12
A: 16.5 mA
B: 20 mA
C: 22 mA
D: 24 mA
E: 26 mA
# of Intensity Lobes
A: 10
C: 16
E: 20
B: 14
D: 18
Radius = 5.875 μm
Unmodified Device
A
B
C
D E
24 μm
CW 300K
Figure 5.4: Room temperature, continuous wave LI curve for an unmodified
proton-implanted device with rp = 5.875 µm. The measured near-field
patterns at different points along the curve. The number of intensity peaks,
representative of the mode azimuthal order m, increases after each dip. The
near-field pattern of the mode at threshold is distinctly non-Gaussian.
the lasing modes in the anti-phase proton-implanted VCSELs are extremely
higher order. Indeed, the mode profile immediately before threshold (A) has
a total of 10 intensity peaks (and an equal number of nodes) along the az-
imuthal axis, corresponding to a single polarization of a Laguerre-Gaussian
mode of azimuthal order l = m = 5. As the injection current increases,
the m-number of the dominant lasing mode increases. Starting from the
near-field profile at I = 22 mA (B), which has a total of 14 intensity peaks
(m = 7), the azimuthal order increases by 1 (meaning the total number of
intensity peaks along ϕ increases by 2) each time the output power passes
through a valley. While not shown here, the near-field profiles at I = 28
mA and I = 30 mA have 22 and 24 azimuthal intensity peaks, respectively.
As expected, similar to the LP modes for oxide-confined VCSELs, the radial
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Figure 5.5: Measured room temperature emission spectra for the device
presented in Fig. 5.4 at the same labeled injection currents. The device
threshold mode (green, A: 16.5 mA) is distinctly higher-order. After each
dip in the LI curve in Fig. 5.4, the lasing mode has hopped to the next
cavity peak.
distance from the center of the device to the region of peak intensity increases
with the azimuthal mode order.
The relative intensities of the optical emission spectra at the injection cur-
rents for each of the near-field pictures are plotted in Fig. 5.5. While the basic
principles of VCSEL operation are still apparent, such as the redshift of the
lasing peaks with increasing current (and thus, temperature and refractive
index) and the increase in the wavelength spacing between each mode, the
fundamental or even first higher-order modes never lase. As the injection
current increases, the lasing mode switches to the immediate next higher-
order mode in the spectrum which, from the near-field patterns, constitutes
an increase in azimuthal order. The mode number next to the lasing mode
at each injection current corresponds to the peak position in the set of total
peaks observed in the spectrum, which is one more than the azimuthal order
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Figure 5.6: Measured room temperature, continuous wave (a) LIV curves
and (b) optical emission spectra of one of the smallest unmodified
proton-implanted VCSELs, with rp = 3.25 µm. The (c) LIV curves and (d)
optical emission spectra are also plotted for one of the largest unmodified
proton-implanted VCSELs, with rp = 9.25 µm. In both cases the threshold
lasing mode is higher-order and the LIV curves exhibit distinct dips,
corresponding to an increase in mode number of the spectra.
since the m-number of the fundamental Gaussian mode is 0.
The observed LIV and spectral behavior in Figs. 5.4 and 5.5 is consis-
tent with an extremely non-uniform annular injection profile as well as a
thermally induced waveguide of a similar shape, in sharp contrast to the his-
torical modeling of proton-implanted devices discussed in Chapters 1 and 2.
Along with either assuming or predicting a parabolic refractive index profile
with a maximum value at the center of the implant aperture, these models
also calculate that the fundamental Gaussian-like mode will be the first to
reach threshold. Since there is clearly enough gain to reach the threshold
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condition in these proton-implanted anti-phase VCSELs, the fact that the
fundamental mode never reaches threshold is indicative of a simultaneous
annular waveguide and gain profile, which will be explored in more detail in
Chapter 6.
Fig. 5.6 plots the LIV (a,c) and emission spectra at various injection cur-
rents above threshold (b,d) of the 2nd smallest device (rp = 3.25 µm) and
one of the largest devices (rp = 9.25 µm). The rp = 3.25 µm has a threshold
current of Ith = 9 mA, corresponding to a large threshold current density of
Jth = 27.1 kA/cm
2 while the rp = 9.25 µm device has a threshold current of
Ith = 25 mA, for a threshold current density of Jth = 9.3 kA/cm
2. Distinct
peaks and valleys exist for both of these device sizes as well, though multiple
modes are lasing simultaneously at the particular injection currents chosen.
Due to the limited spectral resolution of the optical spectrum analyzer used
to perform the measurements (∆λ = 0.08 nm), the total number of simulta-
neous lasing peaks, as well as the mode number of the lasing modes at each
injection current, for the rp = 9.25 µm device is difficult to estimate.
From the bare anti-phase proton-implant VCSEL behavior, it is clear that
if the DAP filter facilitates lasing of the fundamental mode, there is a hard
upper limit on the potential range of purely single-mode drive currents: the
threshold of the unmodified device. The LIV curves, spectra, and near-field
intensity profiles are also indicative of highly non-uniform, annular carrier
injection and gain profiles in the active region. Since the Joule heating in
the top DBR mirror is proportional to the square of the current density and
non-radiative recombination and absorption of spontaneous emission in the
active region are linearly proportional to the current density, if significant
current crowding is present in the device then an annular thermally induced
waveguide can be formed instead of the traditionally assumed parabolic pro-
file. It is important to recognize that waveguide structures with refractive
index peaks at the edge of the implant aperture can still support the funda-
mental Gaussian mode if the difference between the maximum value of the
refractive index and the value along the central axis of the device is small
enough. This means that for layer structures with no anti-phase reflection
(low device threshold) the fundamental Gaussian mode will still be the first
to lase, even if the functional form of the carrier density in the active region
and the current density and temperature throughout the rest of the device is
an annulus. However, in this particular 850-nm layer structure, the top GaAs
110
cap reflects anti-phase with the rest of the top DBR mirror. This prevents
the fundamental mode from reaching threshold and illuminates the effect of
the current crowding on the formation of an annular thermal waveguide in
which higher-order Laguerre-Gaussian modes reach threshold first.
5.3.1 The Two-Layer SiO2/TiO2 DAP Filter Results
To form the DAP filter, a 325 nm thick, blanket layer of SiO2 (measured n
= 1.44) is deposited via an Ar-plasma assisted sputtering process on top of
the emission apertures of the proton-implanted devices in order to maximize
the destructive interference from the anti-phase reflections. After a negative-
tone photolithography step, a 90 nm thick TiO2 layer (measured n = 2.33)
is deposited and a simple photoresist liftoff process is performed, leaving
a TiO2 pillar situated at the center of the emission aperture. As shown in
Fig. 5.1, a TiO2 layer of this thickness and refractive index will counteract the
anti-phase reflections from the GaAs/SiO2 layers and minimize the threshold
material gain in the regions where it is deposited.
Fig. 5.7(a) plots the measured LIV curves for an rp = 3.25 µm device before
(blue, also plotted in Fig. 5.6(a)) and after (red) the DAP filter (rf = 1.7
µm, rf/rp = 0.523) deposition, while Fig. 5.7(b) plots the measured emission
spectra of the DAP filter device at four drive currents: I = 6 mA (black,
slightly above threshold), and the same three drive currents as measured
for the bare device (plotted in Fig. 5.6(b)), I = 9 mA, 10.5 mA, and 12
mA. With the deposition of the DAP filter, the threshold current is reduced
by more than 33% to Ith = 5.8 mA and the maximum total output power is
increased by over a factor of 10, from 379 µW to 3.89 mW. More importantly,
the lasing spectrum slightly above threshold is purely single-fundamental-
mode, a stark change from the bare device. However, as the drive current
is increased, the lower-order modes, which appeared as cavity modes in the
device spectra before the DAP filter deposition, begin to lase, limiting the
single-fundamental-mode power of this device to only 1.47 mW at I = 7.2
mA.
It is interesting to note that some of the higher-order lasing modes which
appeared before the deposition of the DAP filter are no longer lasing at the
same drive current. This is particularly evident when I = 12 mA, where
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Figure 5.7: (a) Measured RT CW LIV curves for a proton-implanted
VCSEL with an implant aperture radius of 3.25 µm and an SiO2/TiO2
DAP filter with a radius of 1.7 µm, corresponding to an filter-to-implant
ratio of rf/rp = 0.52. VCSEL performance before the deposition of the
DAP filter (unmodified) is plotted in blue while the performance after the
DAP filter is in red. Clear higher-order mode hopping is observed for the
unmodified device while a reduction in threshold current and a dramatic
increase in total optical power are observed after the DAP filter is
deposited. (b) Measured spectra at various currents, labeled A, B, and C,
after the filter deposition. Facilitation of fundamental mode lasing is
observed at threshold.
mode numbers 5 and 6 are lasing in the bare device (Fig. 5.6(b)) but the
fundamental and first 3 higher-order modes are lasing after the DAP filter
deposition, while mode 5 appears only as a cavity mode and mode 6 cannot
be seen. The disappearance of the higher-order lasing modes and cavity
peaks can be attributed to a combination of carrier saturation due to lower-
order mode SHB carrier depression in portions of the active region which
partially overlap with the higher-order intensity peaks, and reduced power
dissipation and, therefore, temperature in the device. It is expected that this
SHB overlap effect will be reduced as the device size increases due to the
decrease in spatial overlap of the mode profiles and that any higher-order
lasing modes present for the unmodified device will be present around the
same drive currents even after the DAP filter is deposited. The dissipated
power Pdiss can be written as:
Pdiss = IV − Poptical (5.1)
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where I is the drive current, V is the voltage drop across the device, and
Poptical is the sum of the optical output power emitting from the top and bot-
tom of the device. In this case, the emitted optical power through the bottom
mirror is assumed to be zero due to the large number of DBR pairs and the
bottom heat sink, so Poptical is simply the measured optical power from the
device. Since the properties of the waveguide in the proton-implanted VC-
SEL are heavily influenced by the temperature of the device, any decrease
in Pdiss at a given drive current I, either by increasing Poptical or decreasing
the total voltage drop V , will result in a smaller total effective field-weighted
refractive index difference (∆n)eff . This will not only increase the width of
each mode but will shift the intensity peaks of the higher-order modes further
towards the edge of the emission aperture, reducing their overlap with the
gain profile and increasing the modal threshold current.
The increase in device temperature ∆T for a specific device can be calcu-
lated from the redshift of the cavity peak ∆λ as the drive current is increased:
∆T = ∆λ
(
dλ
dT
)−1
(5.2)
The constant dλ/dT can be determined by measuring the shift of the funda-
mental lasing wavelength under pulsed operation (to avoid any temperature
changes due to dissipated power from the injection current) near threshold as
the substrate temperature is changed by a known amount. However, a typ-
ically reported value of dλ/dT for GaAs-based VCSELs is 0.07 nm/K [81],
which will be used here. At I = 12 mA, the relative wavelength difference of
the first cavity peak before and after the DAP filter is (∆λ)1 = -0.9 nm, cor-
responding to a decrease in the maximum cavity temperature of ∆T = 12.9
K. At I = 10.5 mA, ∆T = 8.6 K and at I = 9 mA, ∆T = 5.7, indicating the
temperature of the unmodified device is increasing at a faster rate than after
the DAP filter deposition. This can simply be attributed to slight decrease
in the applied voltage but also to the up to ten-fold increase in light output
power, both of which reduce the total dissipated power in the device.
Any annular thermally induced waveguide will only become further exag-
gerated as the implant aperture radius is enlarged since current crowding at
the edge of the aperture will increase. Fig. 5.8(a) plots the room temper-
ature CW LIV curves for an rp = 9.25 µm device before (blue) and after
(red) the deposition of a SiO2/TiO2 DAP filter with rf = 5.175 µm (rf/rp
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Figure 5.8: (a) Measured RT CW LIV curves for a proton-implanted
VCSEL with an implant aperture radius of 9.25 µm and an SiO2/TiO2
DAP filter with a radius of 5.175 µm, corresponding to an filter-to-implant
ratio of rf/rp = 0.56. VCSEL performance before the deposition of the
DAP filter (unmodified) is plotted in blue while the performance after the
DAP filter is in red. (b) Measured spectra at various currents, labeled A, B,
C and D, after the filter deposition. Facilitation of fundamental mode
lasing is observed at threshold, which immediately begins to roll over,
limiting the single-fundamental-mode output power.
= 0.559). The deposition of the filter results in a decrease of the threshold
current by 40% from 25 mA to 15 mA. Even at this device size the DAP
filter has a dramatic effect on the spectral output of the VCSEL over all
injection currents. Fig. 5.8(b) plots the spectra of the DAP filter device at
the same drive currents as the unmodified device (Fig. 5.6(d)) as well as
slightly above threshold at I = 16 mA (black curve), where the DAP filter
has clearly facilitated the lasing of the fundamental mode. However, looking
at the LIV curve, the power in the fundamental mode immediately begins
to saturate after threshold due to SHB effects and a general lack of carriers
near the center of the device as a result of the annular current injection into
the active region. The large kink in the LIV curve at 23.5 mA corresponds
to the onset of higher-order mode lasing, specifically the modes which are
present in the unmodified device, which can be seen in the spectrum at I
= 25.5 mA (Fig. 5.8(b), green) alongside the fundamental mode. At higher
drive currents the fundamental mode completely dies, allowing the first few
lower-order modes to lase, which persist throughout the remaining operating
range of the device. Unlike in the rp = 3.25 µm device, the higher-order las-
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ing modes remain unaffected by the DAP filter, indicating the lack of overlap
between their transverse intensity profiles and that of the lower-order modes,
and confirming that the significant gain profile in the outer portions of the
active region is unaffected by the DAP filter since it is a purely optical phe-
nomenon.
Fig. 5.9 plots the measured unmodified and modified RT CW LIV curves
and relative spectra (dB) at various injection currents for multiple medium
sized devices with rp = 5.875 µm and DAP filter radii of 3.05 µm (Fig. 5.9(a)
and 5.9(b), rf/rp = 0.519), 3.4 µm (Fig. 5.9(c) and 5.9(d), rf/rp = 0.579),
and 3.875 µm (Fig. 5.9(e) and 5.9(f) rf/rp = 0.66). The unmodified device
spectra (upper figures) illustrate the mode-hopping that is evident in the
LI (blue) measurements along with the fact that the initial lasing modes at
threshold are extremely higher-order, just as in the other device sizes. As the
injection current rises, the number of supported cavity modes increases, along
with the wavelength spacing between the modes, as the thermal refractive
difference between the hot aperture region and cooler outer region increases.
Each dip in the LI curve corresponds to a switch to the next higher-order
mode. In all cases, the deposition of the DAP filter results in an increase in
total output power over all injection currents and a decrease in the threshold
current, as well as facilitating the single-mode lasing of the fundamental mode
at threshold (green curves of the lower plot of Fig. 5.9(b)(d)(f)). As the filter
radius is increased the threshold material gain for the non-fundamental lower-
order modes are lowered due to the increasing overlap between the transverse
intensity profile and the DAP filter, and these modes reach threshold and
begin to lase over the course of the device operating range. Not including
the fundamental mode and the modes which exist before the deposition of
the DAP filter, at a drive current of 30 mA the 3.4 µm filter facilitates the
lasing of two additional modes compared to the 3.05 µm filter while the 3.975
µm device has eight additional modes.
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Figure 5.9: Measured RT CW LIV curves for proton-implanted VCSELs
with an implant aperture radius of 5.875 µm and an SiO2/TiO2 DAP filter
with a radius of (a) 3.05 µm, (c) 3.4 µm, and (e) 3.875 µm. VCSEL
performance before the deposition of the DAP filter (unmodified) is plotted
in blue while the performance after the DAP filter is in red. Clear
higher-order mode hopping is observed for the unmodified devices while
output power instability is observed after the filter is deposited. (b, d, f)
Measured spectra at various currents. (Upper) Spectra of the unmodified
device. (Lower) Spectra of the device after filter deposition.
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It is important to note that the fundamental mode is lasing throughout
the above threshold operating range for the two smaller DAP filter sizes, but
disappears and later returns for the largest filter size (Fig. 5.9(f)). This can
once again be attributed to the overlap of the transverse intensity profiles
of the lower-order and fundamental modes. As the filter size increases, the
modal loss for the lower-order modes is reduced and as they begin to lase,
their overlap with the carrier profile in the center of the device serves to
dramatically reduce the available gain for the fundamental mode, quickly
moving it below the threshold condition.
Unlike the DAP filter oxide-confined VCSELs, though the maximum to-
tal output power increases with increasing filter radius for all device sizes
(Fig. 5.10(a)), there is no obvious correlation between the filter size and
change in threshold current, plotted in Fig. 5.10(b) for rp = 3.25 µm, 5.875
µm, and 9.25 µm. This is due to the dynamic waveguide and gain profiles
as the drive current is increased. In the oxide-confined VCSELs the built-
in refractive index step which defines the waveguide is much larger than
the thermal or carrier induced refractive index changes at lower drive cur-
rents, the net effect being relatively static transverse mode shapes around
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Figure 5.10: (a) Maximum optical output power after the deposition of an
SiO2/TiO2 DAP filter of various sizes. The maximum output power
increases as the filter radius increases since there is larger overlap with
higher-order modes. (b) Relative decrease in threshold current after the
deposition of the DAP filter. For all device sizes, the dynamic waveguiding
properties of the proton-implanted VCSEL precludes a steady decrease in
threshold current.
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threshold. The thermally induced refractive index and gain profiles of the
proton-implanted VCSELs, particularly if the net shape is annular, results
in ever-changing transverse mode shapes and widths, meaning that a larger
filter radius does not necessarily overlap more with the fundamental mode
and decrease the device threshold since the mode waist might be much wider
at a lower drive current.
If the advantages of planar-proton implant VCSELs - such as the better
thermal dissipation environment and ease of fabrication - are going to be
harnessed for high-power single-fundamental-mode applications, the issue of
current crowding must be addressed in order to allow mode suppression or
facilitation techniques such as the DAP filter to function properly. Ironi-
cally, the improvement in DBR doping and mole-fraction grading schemes,
resulting in a decreased electrical resistance, could be a contributing fac-
tor to the lasing properties of these proton-implanted devices through the
reduction of current spreading by an abrupt heterojunction interface [82].
Single-fundamental-mode lasing after the deposition of the DAP filter is only
achieved for devices with implant apertures equal to or less than 5.875 µm
in radius, with a maximum single-mode power of 3.498 mW and a SMSR
of 25 dBm from a 4.375 µm implant radius VCSEL. For larger device sizes,
multiple higher-order modes lase nearly simultaneously with the fundamen-
tal mode. For larger device sizes the higher-order modes which lase before
the DAP filter continue to exist after the filter is deposited, indicating an
extreme annular gain and temperature profile, which is explored in the fol-
lowing chapter.
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CHAPTER 6
A THERMAL, ELECTRICAL, AND
OPTICAL MODEL OF
PROTON-IMPLANTED VCSELS
Unlike in the Quasi-3D model for the oxide-confined VCSEL introduced in
Chapter 3, the lack of a built-in refractive index step requires a more in-depth
analysis of the temperature and carrier induced effects (both gain and the
plasma reduction of the active region refractive index) on the formation of a
waveguide and guided transverse modes. As mentioned in Section 2.4, past
models of proton-implanted VCSELs have focused typically on the active
region as the primary transverse mode guiding region. However, the active
region typically represents only a small fraction of not only the total device
size, but of the cavity as well; the energy optical confinement factor Γz from
Eq. 3.6 for the particular 850-nm VCSEL structure used in the oxide-confined
and proton-implanted devices is only Γz = 0.0324 (3.24%). While this is not
to say the active region has a small effect, it is important to consider the
entirety of the structure when solving the complex radial Helmholtz equa-
tion Eq. 2.36, particularly when determining the proper values and function
form of rel(r). Analogous to how the effect of the γ-Al2O3 on the waveg-
uiding properties of the oxide-confined VCSELs is accounted for (if only the
active region is considered, the predicted behavior would deviate dramati-
cally from measured properties), the model introduced in this chapter uses a
field-weighted eff (r) radial profile instead of simply the value in the quan-
tum well (QW) active region QW (r), similar in nature to the treatment of
gain-guided stripe lasers by Paoli in 1977 [37] to reconcile the discrepancies
between measured mode widths and those predicted by earlier gain-guided
models [56]. This is particularly important since the threshold spectral char-
acteristics of the proton-implanted VCSEL in Chapter 5, namely the lasing of
daisy-chain-like higher-order modes, cannot be recovered using models such
as those by Nakwaski [31], Zhao [30], Michalzik [82], and Zeeb [27]. In the
following sections, an azimuthally symmetric, self-consistent, finite difference
method model is introduced which takes into account the temperature pro-
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file throughout the device, the distribution of carriers in the active region,
and the injected current density profile to calculate the threshold transverse
modes of proton-implanted VCSELs. The simulation results are in good
agreement with the measured spectral and near-field characteristics of the
anti-phase devices in Chapter 5 and also match the behavior of properly
phase-matched standard VCSEL structures used in past models [27,30,31,82].
6.1 The Anti-Phase VCSEL
The proton-implant model only requires three inputs: the implant aperture
radius rp, the drive current I and some underlying functional form of the
position-dependent radial current density J(r). To avoid a time-consuming
and computationally expensive full three-dimensional simulation, the cylin-
drical symmetry of the VCSEL is exploited to reduce the computation do-
main to the half-space along the r and z (growth direction) plane. The radial
domain is simply: 0 ≤ r ≤ ∞, where ∞ is a sufficient multiple of the im-
plant aperture radius such that the solution does not change if the domain is
increased in size. In this case, the radial direction extends out to rend = R =
14*rp. The z direction domain is the space between the substrate heat sink
(z = 0) and the top surface of the VCSEL (z = H = 8.2 µm): While the form
of J(r) may evolve at each point along the injection direction (z-axis) due
to lateral current spreading or diffusion, the magnitude of J(r) at each point
along the radial direction can be calculated by the normalization condition:
I =
∫ 2pi
0
dφ
∫ ∞
0
J(r)rdr =
∫ 2pi
0
dφ
∫ R
0
J(r)rdr (6.1)
Since the purpose of the calculation is to determine why the anti-phase
proton-implanted VCSEL behaves the way it does, a specific functional form
of the current density is assumed in both the region of the top DBR mirror
around the peak of the proton implantation (the current confining region),
and in the space between the bottom of the implant and the QW active
region [30]. Using the implant depth zprot and straggle zσ calculated from
the program SRIM, the current density from (zprot - zσ) ≤ z ≤ (zprot + zσ)
is approximated by:
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J(r) =
{
Ae[(r−rp)/r1], 0 < r ≤ rp
0, r > rp
(6.2)
where r1 is a constant representing the amount of current crowding at the
edge of the implant aperture. In the limit as r1 → ∞, the current density in
the confinement region approaches a step function. The smaller r1, the more
non-uniform the current density, decaying exponentially towards the central
axis of the device. In this case, r1 for the current density in the top p-type
DBR is given as an integer multiple of the hole diffusion length Lp =
√
Dpτp,
where Dp is the hole diffusion coefficient and τp is the carrier lifetime. The
values of all constants used in the 850-nm VCSEL calculation are given in
Appendix A. The parameter A is determined by the normalization condition
in Eq. 6.1 and is exactly:
A =
I
2pi
[
r1 (rp − r1) + r21e−rp/r1
]−1
(6.3)
Below the current confining implant region, the current density up to the
active region is approximated by:
J(r) =
{
Bje
[(r−rp)/r1], 0 < r ≤ rp
Bje
[−(r−rp)/r2], r > rp
(6.4)
where Bj is again determined by the normalization condition in Eq. 6.1 for
each point j along the z-axis and is exactly:
Bj =
I
2pi
[
A+ r2 (rp + r1)− r2 (R + r2) e−(rp−R)/r2
]−1
(6.5)
The parameter r2 is representative of the amount of current spreading
below the current confining region. It is ostensibly a function of the vertical
distance between the bottom of the proton implant and the active region,
where a larger value indicates a greater distance between the two regions,
but in this case is simply swept as an integer 1 ≤ r2 ≤ 16. It should be noted
that the integer value for r2 is used only in the active region layers; in the
portion of the device between the implant and active regions r2 is a function
of z, r2,j and is assumed to increase linearly from 0 to r2, which is why Bj
must be determined for each point j along z.
The complete set of un-normalized current density functional forms used
in the model is plotted in Fig. 6.1 for the second smallest implant aperture
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Figure 6.1: Normalized current density J used in the field-weighted model
of the proton-implanted VCSELs plotted for device sizes of (a) rp = 3.25
µm and (b) rp = 9.25 µm. An increase in the crowding parameter r1 results
in a more uniform injection in the aperture region, while an increase in the
spreading parameter r2 broadens the profile beyond the active region. In
the implant region itself, r2 = 0, given by the dashed black line, to simulate
no leakage through the implant region.
size rp = 3.25 µm (a) and the largest size rp = 9.625 µm (b). The integer
multiple values of r1 are 1, 5, 10, and 100*Lp. As mentioned before, as the
parameter r1 increases, the current inside the implant aperture approaches a
constant, while as r2 increases the spreading of the current density outside of
the desired portion of the active region (r > rp) increases. For a fixed value
of r1, an increase in device radius rp increases the effective current crowding
amount since r1 is not a function of rp.
6.1.1 Active Region Carrier Diffusion
After the formulation of the normalized current density in the active region,
the radial carrier density N(r) in the active region, assumed to be uniform
along the z-direction, can be obtained by solving the diffusion equation for
a given injection current I and current density function form:
Dn
1
r
d
dr
(
r
dN(r)
dr
)
− N(r)
τs
+
JQW (r)
q3d
= 0 (6.6)
where JQW (r) is the active region current density, τs is the carrier lifetime
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(assumed to be the same for electrons and holes), q is the elemental charge, d
is the thickness of a single quantum well (the 850-nm VCSEL structure active
region consists of 3 wells), and Dn is the electron diffusion coefficient. Since
the model is designed to determine the threshold modal properties of the
proton-implanted VCSELs, the optical power in the cavity is assumed to be
approximately zero and SHB effects on the N(r) profile are ignored. Eq. 6.6 is
solved using a three-point finite central difference method, with non-uniform
radial spacing to avoid excessive computation time, and boundary conditions:
dN
dr
∣∣∣∣
r=0
= 0
N |r=R = 0
(6.7)
Once N(r) is known, it can be used in the calculation of the temperature
profile in the entire structure.
6.1.2 Heat Transport
After the active region carrier density is determined from the diffusion equa-
tion, the next step is to calculate the two-dimensional temperature profile in
the layer structure as a function of injection current density profile J(r) and
total injected current I. Assuming steady-state conditions and azimuthal
symmetry, the temperature T (r, z) in the VCSEL is governed by the time-
independent two-dimensional cylindrical heat conduction equation:
1
r
d
dr
(
kc(r, z)r
dT (r, z)
dr
)
+
d
dz
(
kc(r, z)
dT (r, z)
dz
)
+Q(r, z) = 0 (6.8)
with boundary conditions (assuming no convection losses to the ambient
surrounding atmosphere from the top of the device):
T (z = 0) = T0 (6.9)
and
dT
dr
∣∣∣∣
r=0
=
dT
dr
∣∣∣∣
r=R
=
dT
dz
∣∣∣∣
z=H
= 0 (6.10)
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where T0 is the temperature of the heat sink (room temperature, 300 K),
kc(r, z) is the thermal conductivity (units of W/K*m) of the material and
Q(r, z) is the heat density (units of W/m3) due to Joule heating QJ(r, z)
(mainly in the upper p-type DBR mirror where the current density is large),
and absorption of spontaneous emission and nonradiative recombination in
the active region QQW (r).
Separating the heat density into the individual components, Q(r, z) =
QJ(r, z) + QQW (r):
QJ(r, z) = ρ(r, z)J
2(r, z) (6.11)
where ρ(r, z) is the electrical resistivity (units of Ω*m) and [83]:
QQW (r) = JQW (r)
VQW (r) (1− ηspfsp)
3d
(6.12)
where VQW (r) is the junction voltage drop across the active region, ηsp is the
spontaneous emission internal quantum efficiency, and fsp is a geometrical
factor accounting for the escape of spontaneous emission from the active
region. The voltage drop across the active region can be solved for using the
diode equation and written as:
VQW (r) =
nidealkBT
q
ln
(
JQW (r)
J0
)
(6.13)
where nideal = 2 is the ideality factor [84], kB is the Boltzmann constant, and
J0 is the reverse bias saturation current density.
In order to generate not only the appropriate grid point locations in the
z-direction, but also the correct thermal conductivity kc values for each
AlxGa1−xAs layer from the substrate to the emission surface, the kc val-
ues are generated simultaneously at the start of the model on the same grid
as the refractive index and standing wave profile during the calculation of
the plane-wave threshold material gain gth,1D, energy confinement factor Γz,
and field-weighted real refractive index n1D. In this way, the same grid used
for the initial calculation of the standing wave can be used for the tempera-
ture, carrier density, and field-weighted parameters without any modification
to the layer structure. This also allows for easy modifications to the input
layer itself, meaning the effects of etching the GaAs cap layer, depositing the
DAP filter, or even switching to a new layer structure entirely can be applied
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Figure 6.2: Plot near the active region of the real refractive index (black)
and thermal conductivity kth (red) profiles used in field-weighted model.
The graded layers between each bulk DBR half-pair are highly thermally
resistive, contributing to an increase in the thermal impedance of the layer
structure.
instantly. Fig. 6.2 plots the refractive index and thermal conductivity of a
small portion of the device around the active region.
The thermal conductivity of the ternary AlxGa1−xAs alloy can be calcu-
lated using a quadratic relationship between the thermal conductivities of
GaAs (room temperature kth = 46 W/K*m) and AlAs (room temperature
kth = 80 W/K*m) [46], approaching a minimum at an Al mole fraction of 0.5.
As seen in Fig. 6.2, the graded region portions of each DBR half-pair inter-
face contribute heavily to the total thermal resistance of structure. It should
be noted that in a superlattice structure such as DBR mirrors the thermal
conductivity will decrease due to phonon interface scattering as the layer
thicknesses are reduced, though that effect is not included in this model [85].
Since the computation domain in the radial direction extends over a much
wider range than the expected region of temperature increase, from a mod-
eling perspective it would be unwise to use a constant spacing ∆r between
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(a) (b)
Figure 6.3: Surface plot of the calculated temperature profile for an (a) rp
= 3.25 µm and (b) rp = 9.625 µm device. The crowding parameter is r1 =
1∗Lp and the spreading parameter is r2 = 5, which is a highly annular
current density profile.
radial points throughout the entire range, as this would dramatically in-
crease the time and processing power required. The same can be said for the
z-direction; if an appropriate amount of points at consistent locations are
used on a per layer basis, the spacing needed to include even a single DBR
half-pair, which includes two different thickness bulk AlxGa1−xAs layers and
the graded mole fraction layers between them, will be non-uniform. As such,
a five-point central finite different method is used to discretize Eq. 6.8 at each
radial point ri and along the growth direction zj. The formulation includes
not only uneven spacing in both the r and z directions, but also the non-
uniform thermal conductivity of the device. Fig. 6.3(a) and (b) plot a surface
of the calculated two-dimensional threshold temperature profiles for a device
with radius rp = 3.25 µm and rp = 9.625 µm, respectively (r1 = 1∗Lp and
r2 = 5 in this case). The peak of the temperature profile is located in the
radius of the implanted region itself, where the current density is largest.
6.1.3 Field Equation
The cylindrical complex Helmholtz equation given in Eq. 2.36 and written
again below is:
∇2E(r, φ, z) + rel(r)k20E(r, φ, z) = 0 (6.14)
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where E is the electric field of the lasing mode, k0 is the free space wave-
number = 2pi/λ1D, and rel is the complex relative permittivity. In the pres-
ence of gain, such as in the active region, i,j,rel can be written at each node
in the computation grid as:
i,j,rel =
(
ni,j − igi,j(Ni,j)λ1D
4pi
)2
(6.15)
where ni,j is the real part of the refractive index, including the contributions
from the temperature change and the carrier density plasma effect:
ni,j = n0,i,j + ∆ni,j = n0,i,j +
∂n
∂T
∆Ti,j +
∂n
∂N
∆Ni,j (6.16)
with [56]:
∂n
∂N
= − q
2
2nQW0ω2mn
(6.17)
where nQW is the bulk refractive index of the gain region (GaAs in this
case), ω is the free-space angular frequency corresponding to the calculated
resonant wavelength of the layer structure λ1D, 0 is the vacuum permittivity,
and mn is the electron effective mass in GaAs.
The gain gi,j(Ni,j), assumed to be linear, gi,j(Ni,j) = a (Ni,j −Ntr), where
a is the differential gain [86] and Ntr is the transparency carrier density, is
calculated in the active region from the carrier density solution to Eq. 6.6.
In this instance, it is important to point out that the relative permittivity
rel in Eq. 6.14 is actually a field-weighted quantity:
rel = rel,eff =
∫
tj
i,j,rel |Ei(z)|2 dz∫ |Ei(z)|2 dz (6.18)
where tj is the thickness of each layer along the z-direction. This represents
the improvement in this model; historically, the relative permittivity used in
Eq. 6.14 is simply Eq. 6.15 in the GaAs (or other material) quantum well
alone. Given that the calculated confinement factor Γz for this structure is
3.24%, the decrease in the refractive index due to the carrier plasma effect,
as well as the gain itself, will be extremely overrepresented in the calculated
relative permittivity and have a dramatic effect on the threshold transverse
mode solutions. Using the field-weighted rel,eff , the proton-implanted VC-
SEL is modeled as a fiber with a radial rel,eff profile and no z-variation,
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just as the oxide-confined VCSEL was modeled as a step-index fiber with no
z-variation after the field-weighted core refractive index was calculated.
Finally, assuming the electric field is separable and can be written in the
following form:
E(r, φ, z) = ψ(r)eimφeiβzz, m = 0,1,2... (6.19)
where m is the azimuthal mode order and βz = k0η is the complex propaga-
tion constant, Eq. 6.14 can be written as an eigenequation:
1
r
d
dr
(
r
dψ(r)
dr
)
+
(
k20rel,eff −
m2
r2
)
ψ(r) = β2zψ(r) (6.20)
which can be recast using a three-point finite difference method and solved for
the transverse field components ψ(r) and complex propagation constants βz
for a given azimuthal mode order m, keeping in mind that each m number can
have multiple solutions and a proper search condition is needed to eliminate
spurious modes. In this case, the first 11 azimuthal mode orders are kept: 0
≤ m ≤ 10.
The threshold condition, and thus the eventual halting condition for the
model, can be determined from βz, which consists of the effective mode index
nm,eff and modal gain Gm for the solutions to Eq. 6.20 for a given m number:
βz = k0η = k0
(
nm,eff − iGmλ1D
4pi
)
= k0nm,eff − iGm
2
(6.21)
The modal gain gm for any transverse mode is simply:
Gm = −2 ∗ Im (βz) (6.22)
Given that the transverse mode profiles are determined from Eq. 6.20 us-
ing the field-weighted value of the relative permittivity, the modal gain Gm
already contains all the information about the overlap of the field with the
active region. Thus, analogous to Eq. 3.16 for the oxide-confined Quasi-3D
model, the threshold condition for the proton-implanted VCSEL is satisfied
when the modal gain Gm is equal to the plane-wave threshold condition cal-
culated for the structure using the propagation matrix method:
Gm = Γzgth,1D (6.23)
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6.1.4 Anti-Phase VCSEL Threshold Properties
For a given device radius rp and values of r1, r2, and I, the active region
carrier density N(r), device temperature T (r, z), and all modes ψ(r) for
each m number are calculated. If the threshold condition in Eq. 6.23 is not
met for any given m number, the injection current is increased by a certain
amount until at least one mode for any m number is above threshold. The
injection current is then decremented by a smaller step size until no modes
are above threshold and the process begins again with continually decreasing
current steps until the desired accuracy is achieved. To understand how rp,
r1, and r2 affect the threshold properties of the anti-phase VCSEL when
using the field-weighted method it is useful to observe how the calculated
threshold properties behave when fixing one of the parameters. The active
region threshold carrier density Nth and change in active region temperature
from the steady-state equilibrium case ∆Tth = Tth - T0 are plotted in Fig. 6.4
versus of radial position r for a small (rp = 3.25 µm, (a,b)), medium (rp =
5.875 µm, (c,d)), and large (rp = 9.625 µm, (e,f)) device at a fixed current
crowding parameter r1 = 1 ∗Lp as the spreading parameter r2 is swept from
1 to 5 in integer steps.
As the device radius increases, both the carrier density Nth and change in
active region temperature ∆Tth become more annular in shape. The peak
magnitude of Nth, however, remains the same for all values of rp and r2,
which indicates the calculated threshold lasing mode (unspecified at this
moment) has the same approximate overlap with the gain profile even if the
azimuthal m number or even the radial number p is changing. This makes
intuitive sense: the threshold condition in Eq. 6.23 is set by the total losses
of the structure, which are given by Γzgth,1D. A noticeable increase in Nth
would mean a decrease in overlap with the gain profile. By itself this is not
necessarily an issue but when looking at ∆Tth it is clear that the mode profile
would also be extremely anti-guided, particularly for the larger device sizes.
While gain-guiding has historically been used to explain why supposed anti-
guiding waveguides can sustain a cavity mode, the mode profile would not
necessarily overlap with the gain profile enough to support this theory.
As the device size decreases, the maximum temperature change ∆Tth for a
given value of r2 increases, indicating that the threshold current is decreasing
at a rate slower than the device area is increasing, resulting in an increase
129
0 1 2 3 4
r / rp
0.0
0.5
1.0
1.5
2.0
N
th
 (
x
1
0
1
9
 c
m
-3
)
rp = 3.25 μm
r1 = 1*Lp
Spreading: r2
1
2
3
4
5
(a)
0
10
20
30
40
50
60
70
80
A
c
ti
v
e
 R
e
g
io
n
 Δ
T
th
 (
K
)
0 1 2 3 4
r / rp
Spreading: r2
1
2
3
4
5
rp = 3.25 μm
r1 = 1*Lp
(b)
0 1 2 3 4
r / rp
0.0
0.5
1.0
1.5
2.0
N
th
 (
x
1
0
1
9
 c
m
-3
)
rp = 5.875 μm
r1 = 1*Lp
Spreading: r2
1
2
3
4
5
(c)
0
5
10
15
20
25
30
35
40
A
c
ti
v
e
 R
e
g
io
n
 Δ
T
th
 (
K
)
0 1 2 3 4
r / rp
Spreading: r2
1
2
3
4
5
rp = 5.875 μm
r1 = 1*Lp
(d)
0 1 2 3 4
r / rp
0.0
0.5
1.0
1.5
2.0
N
th
 (
x
1
0
1
9
 c
m
-3
)
rp = 9.625 μm
r1 = 1*Lp
Spreading: r2
1
2
3
4
5
(e)
0
5
10
15
20
25
30
A
c
ti
v
e
 R
e
g
io
n
 Δ
T
th
 (
K
)
0 1 2 3 4
r / rp
Spreading: r2
1
2
3
4
5
rp = 9.625 μm
r1 = 1*Lp
(f)
Figure 6.4: Plot of the calculated active region carrier density Nth and
temperature increase ∆Tth for a fixed crowding parameter r1 = 1∗Lp and
various spreading parameters and device sizes, rp = 3.25 µm (a,b), rp =
5.875 µm (c,d), and rp = 9.625 µm (e,f). As the spreading parameter
increases, the threshold current increases as well, resulting in a higher
active region temperature but similar maximum carrier density values.
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in the threshold current density. Since a large portion of the heat generated
in the device is from resistive Joule heating, an increase in Jth means the
heat generation increases by J2th (Eq. 6.11). Finally, while an increase in the
spreading parameter r2 is manifested in Nth as a broader profile, the dramatic
increase in temperature, particularly at the smallest device size, indicates the
threshold current increases with larger spreading. At the same injection cur-
rent, increasing the spreading will decrease Nth inside the implant aperture
area of the device, meaning a larger current is needed to reach threshold.
Fig. 6.5 plots Nth and ∆Tth for a fixed spreading parameter r2 = 5 while
r1 is varied between 1, 5, 10, and 100∗Lp. Even as both the current density
and temperature change shape, the peak value of Nth remains approximately
unchanged, indicating the lasing mode is hopping. Unlike in Fig. 6.4, where
a decrease in the maximum active region temperature is indicative of a de-
crease in threshold current, a decrease in ∆Tth at a fixed r2 and increasing r1
cannot necessarily be associated with a change in threshold current. Since the
Joule heating is proportional to the square of the current density, increasing
r1 (making the current density in the active region more uniform) at a fixed
injection current I will simply reduce the overall change in temperature since
the maximum value of J will decrease. However, as the current injection pro-
file becomes more uniform, both the carrier density and temperature profiles
approach a parabolic form, which will support the fundamental Gaussian
mode revealing the rather trivial solution and well known solution that the
best injection profile for proton-implanted VCSELs is a step-function.
Fig. 6.6 plots the field-weighted refractive index change ∆ (neff ) given by
∆ (neff ) = neff − n1D (6.24)
for the smallest (a) and largest (b) device sizes at a fixed spreading parameter
of r2 = 5 and for two crowding parameters, r1 = 1∗Lp (large crowding) and r1
= 1∗Lp (uniform injection). As expected and as confirmed by the near-field
measurements, even in the smallest device a higher-order mode (in this case,
m = 3) can be the first to reach threshold if the current crowding is beyond a
certain point. In the largest device size, the extreme current crowding results
in a threshold mode of order m = 10 (corresponding to 20 intensity peaks
along the azimuthal direction and a highly annular waveguide). In both cases,
however, a model confirms that even in the anti-phase VCSEL, with the high
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Figure 6.5: Plot of the calculated active region carrier density Nth and
temperature increase ∆Tth for a fixed spreading parameter r2 = 5 and
various crowding parameters and device sizes, rp = 3.25 µm (a,b), rp =
5.875 µm (c,d), and rp = 9.625 µm (e,f). As the crowding parameter
increases, the threshold current and active region temperature decrease and
Nth and ∆Tth approach the traditional power-law profile.
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Figure 6.6: Plot of the change in the field-weighted real refractive index
∆ (neff ) and the transverse mode profile at threshold in devices with radius
(a) rp = 3.25 µm and (b) rp = 9.625 µm and different r1 parameter values.
A smaller r1 parameter results in higher-order mode lasing at threshold in
the unmodified 850-nm VCSEL.
threshold material gain required for lasing, a more uniform injection profile
will still, as expected, result in the fundamental Gaussian mode reaching
threshold first. It should also be noted that the field-weighted refractive index
profiles are all positive values. Even though the carrier density decreases the
refractive index from its bulk value, the overlap of the standing wave pattern
with the active region is small, while the temperature induced increase in the
refractive index stretches across the entire device.
Fixing the crowding parameter at r1 = 1∗Lp to simulate large crowding and
sweeping r2 reveals similar mode hopping behavior in the anti-phase proton-
implanted VCSEL, as plotted in Fig. 6.7 for the smallest (a) and largest (b)
device sizes. As the spreading parameter decreases, the maximum change
in field-weighted refractive index also decreases, due to the large decrease
in temperature in both the active region, as plotted in Fig. 6.4, but also in
the entire device. Since a decrease in r2 corresponds to fewer carriers wasted
beyond the active region at a given injection current, it also follows that the
threshold current will decrease. The m number of the threshold modes also
decreases as the spreading is reduced, in part due to the greater overlap of
the gain profile and the lower-order modes, but also because the waveguide
itself is becoming less anti-guiding. In Fig. 6.7(b), the difference between
the maximum value of ∆ (neff ) and the value at the center of the device
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Figure 6.7: Plot of the change in the field-weighted real refractive index
∆ (neff ) and the transverse mode profile at threshold in devices with radius
(a) rp = 3.25 µm and (b) rp = 9.625 µm for different spreading parameters,
r2 at a fixed current parameter of r1 = 1*Lp. A smaller r2 parameter
results a decrease in the threshold azimuthal order, though only the smaller
device reaches threshold with the fundamental Gaussian mode.
decreases by more than 50% from 5.2 × 10−3 for r2 = 5, to just 2.3 × 10−3,
raising the possibility that the fundamental Gaussian mode could be the first
to reach threshold even in situations with annular current injection, as long
as the spreading is mitigated, by increasing either the proton implant dose to
raise the resistivity of the implanted region or increasing the implant energy
to shift the peak of the implant region close to the cavity and mitigate the
vertical distance the current flows before reaching the active region.
6.1.5 Comparison with the Active-Region-Only Assumption
While the results from the previous section, in combination with the spectral,
LIV, and near-field characteristics of the proton-implanted devices presented
in Chapter 5, indicate the historical analysis of proton-implanted VCSELs
is missing key device physics, it is still important to validate this new field-
weighted method versus the models of Nakwaski [31], Zhao [30], Michalzik
[82], and Zeeb [27]. To do this, the complex Helmholtz equation from Eq. 6.14
is solved using only the active region relative permittivity (instead of the
field-weighted) for the smallest and largest device sizes and at fixed values of
r1 = 1∗Lp and r2 = 5 (corresponding to the red curves of Fig. 6.6).
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Fig. 6.8 plots the change of the individual components of the QW ac-
tive region refractive index and their resulting total, as well as the field-
weighted change using the model introduced in this chapter. The decrease
in the active region refractive index due to the plasma effect (∆nN(QW ))
is plotted in blue, the increase due to the higher active region tempera-
ture (∆nT (QW )) is plotted in red, the resulting net effect (∆ntotal(QW )
= ∆nN(QW ) + ∆nT (QW )) on the refractive index is plotted in gold, and
the field-weighted refractive index change (∆neff ) is plotted in purple. It
is imperative to remember these results are calculated once the threshold
condition for each situation is achieved, while is decidedly not at the same
injection current, and they should be used in comparison to the measured
device performance in Chapter 5. It is clear that if the net change in the
active region refractive index ∆ntotal(QW ) is used in the Helmholtz equation
instead of ∆neff , the results will differ dramatically, particularly in the case
of the largest device (Fig. 6.8(b)). While ∆neff is a positive annulus peaked
near the edge of the active region, ∆nN(QW ) dominates ∆ntotal(QW ), par-
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Figure 6.8: Comparison between the field-weighted calculated change in
refractive index ∆ (neff ) from the model in this chapter (purple curves)
compared to the changes in the refractive index in the quantum-well active
region due to the increase in temperature (red), carrier density (blue), and
the sum of their effects (gold) for r1 = 1*Lp, r2 = 5, and (a) rp = 3.25 µm
and (b) rp = 9.625 µm. The inset is simply to distinguish between curves
and should not be used for comparison since the threshold current for each
situation is different. Using the active-region refractive index profile for the
calculation of the threshold modes will give dramatically different results.
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ticularly in the largest device size. ∆ntotal(QW ) is not only negative, which
in and of itself would not be an issue as long as there is an index guiding
mechanism present, but it is nearly parabolic as well, which will force the
fundamental Gaussian mode as the solution.
Fig. 6.9 plots the calculated threshold mode and ∆neff for the field-
weighted model (red) along with the threshold mode and ∆ntotal(QW ) for the
active-region-only assumption (blue). In the smallest device (a) the lasing
mode in the active-region-only calculation is now the fundamental Gaussian
mode, while in the largest device (b) it has moved from the m = 10 order at
threshold to the first higher-order mode at a mode order of m = 1, commonly
referred to as the LP11 mode. These results clearly demonstrate the limita-
tions of not including the standing wave pattern overlap in the analysis of
proton-implanted VCSELs: it artificially changes the refractive index profile
and leads to incorrect mode solutions for the anti-phase VCSEL. Another
fundamental issue is what it means to solve the radial Helmholtz equation
using only the properties of a single layer; the only information about the
propagation (z) direction contained in the solution is found entirely in the
eigenvalue βz, meaning if rel is from the active region only, the z-direction is
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Figure 6.9: Plot of ∆neff and the threshold transverse mode profile for the
field-weighted model (red) and the active-region only (blue) for (a) rp =
3.25 µm and (b) rp = 9.625 µm. The r1 and r2 parameters correspond to
Fig. 6.8. Even with the smallest current crowding parameter, the threshold
mode for the active-region calculation is m = 0 and m = 1 for the smallest
and largest device, respectively, and the calculated threshold current
decreases by 68% and %81. Using the active-region only greatly
underestimates the effect of non-uniform current injection.
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simply an infinitely long cylinder of QW gain material. Thus, the threshold
condition Eq. 6.23 will actually underestimate the threshold current since the
effective gain per length of cylinder is much higher. Indeed, the threshold
current for rp = 9.625 µm decreases by 81% compared to the value calcu-
lated using the field-weighted method, while the rp = 3.25 µm device thresh-
old current is reduced by 68% from the field-weighted method. However,
since the proton-implanted VCSELs modeled by Nakwaski [31], Zhao [30],
Michalzik [82], and Zeeb [27] were standard phase-matched devices, the low
threshold current fundamental Gaussian mode solution was indeed the cor-
rect result according to experimental results. However, just as Paoli [37] was
able to explain the small discrepancy in the measured modal width versus the
predicted width from a purely gain-guided structure [56], any errors in the
measured versus calculated mode profiles of proton-implanted VCSELs could
potentially be explained by the use of the field-weighted model presented in
this chapter.
6.1.6 Phase-Matched Comparison
While the field-weighted model illuminates that current crowding and spread-
ing are more severe than anticipated in the anti-phase VCSEL presented in
Chapter 5, leading to higher-order mode lasing at threshold even at the
smallest device size, it is necessary to calculate threshold properties of a
properly phase-matched VCSEL (in this case, a GaAs cap thickness of 89
nm minimizes the plane wave threshold material gain, as seen in Fig. 5.1) to
determine if an annular current density profile will still lead to fundamental
mode lasing at threshold.
Fig. 6.10(a) plots the anti-phase threshold mode and field-weighted real re-
fractive index for the largest device size (rp = 9.625 µm) for a fixed spreading
parameter r2 = 5 and varied r1 crowding parameter, while Fig. 6.10(b) plots
the phase-matched threshold mode and field-weighted real refractive index.
As the current injection profile in the active region becomes more uniform
(increasing r1 parameter), the azimuthal mode order for the anti-phase device
decreases and the fundamental Gaussian mode is eventually the first mode
to lase. However, in all cases for the phase-matched structure, the m = 0
mode is the first to reach threshold. For the r1 = 1∗Lp case, the mode is not
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Figure 6.10: Calculated field-weighted mode profiles and ∆neff for the (a)
anti-phase and (b) phase-matched GaAs cap layer thicknesses as the
crowding parameter r1 is changed. Even for the smallest value of r1 the
threshold mode azimuthal order is m = 0, though it is not the fundamental
Gaussian mode. The field-weighted model can simulate standard device
behavior even under the assumption of non-uniform current injection while
simultaneously properly explaining the measured anti-phase VCSEL results
from Chapter 5.
purely Gaussian due to the heavily annular nature of the waveguide, though
for the remainder of the current crowding values the mode is single-peaked
with a maximum along the device center. As r1 increases, the refractive index
along the central axis rises, while the outer regions decrease. This means the
lensing effect of the waveguide is increased and the fundamental Gaussian
mode beam waist will decrease as the guiding is more tightly confined, which
is observed in the corresponding plots of the threshold modes.
While the field-weighted model correctly predicts the behavior of both
anti-phase and phase-matched VCSELs it is important to remember the pa-
rameters r1 and r2 will not only change for different layer structures, but also
depend on the layout of the top and bottom contacts. In this work, the top
p-type ohmic contact was designed to have an inner radius of approximately
75% of the implant aperture radius, while other works, particularly the metal-
window mode-filtering element used by Morgan et al. [10], will have contacts
deposited well within or, in some cases, approximately equal to the implant
aperture. This will change the functional form of the current density profile,
and thus, the carrier injection and field-weighted gain/refractive index pro-
files, leading to modes of different azimuthal order reaching threshold first.
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The anti-phase VCSEL would benefit from a transparent conducting oxide
such as ITO, which would not only serve to inject current with near perfect
uniformity in the center of the active region, but could also simultaneously
act as a process variability layer similar to the SiO2 blanket layer deposited
on the oxide-confined VCSEL in Chapter 4 and the proton-implanted VCSEL
in Chapter 5.
6.2 Modeling the DAP Filter Element
Since the calculation of the temperature, carrier, and transverse mode pro-
files does not require information about the threshold condition itself, the
effect of the DAP filter on the threshold modal properties of the proton-
implanted VCSEL can be added by simply considering the overlap between
each individual transverse mode from the set of modes per m number, at a
given injection current. The effect of the DAP filter at any radial point on
the plane-wave threshold material gain is considered to be a static number
and is calculated once and stored for use at all injection currents. Assuming
a cylindrically symmetric filter pillar of radius rf , the threshold condition in
Eq. 6.23 is modified for the inclusion of the DAP filter to be:
(Gm)DAP = ΓfilterΓzgth,1D,filter + Γno filterΓzgth,1D,no filter (6.25)
where Γfilter is the overlap of the transverse mode profile with the DAP fil-
ter and Γno filter = 1 - Γfilter is the overlap of the mode with the remainder
of the structure. Γfiltergth,1D,filter and Γno filtergth,1D,no filter are the plane-wave
threshold properties calculated in the regions with and without the DAP
filter, respectively, using the propagation matrix method. In the limit as
the DAP filter radius approaches zero, (Gm)DAP reduces to the unmodified,
anti-phase case. As the DAP filter radius increases to encompass the entire
device surface, the VCSEL appears phase-matched for all transverse modes.
Fig. 6.11 plots the percent decrease in the calculated threshold current
compared to the unmodified structure for the (a) smallest and (b) largest de-
vice sizes. The filter sizes rf and, thus, filter-to-aperture ratios rf/rp are the
same as the mask sizes used to fabricate the proton-implanted DAP devices
in Chapter 5. The change is plotted for five different r2 spreading parame-
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Figure 6.11: Calculated percent decrease in threshold current due to an
SiO2/TiO2 DAP filter pillar deposited over the center of the device, for
various spreading r2 parameters and (a) rp = 3.25 µm and (b) rp = 9.625
µm. While there is little difference for the smaller device between a highly
annular injection current density (solid lines, r1 = 1∗Lp) and a uniform
density (dashed lines, r1 = 100∗Lp), the larger device is affected very little
by the DAP filter if the current density it too non-uniform.
ters, each for crowding parameters of r1 = 1∗Lp (solid lines, highly annular
injected current density) and r1 = 100∗Lp (dashed lines, uniform injected
current density). As expected, for each device size, crowding parameter, and
spreading parameter, the decrease in the threshold current is enlarged as the
filter radius is increased, due to the larger overlap between the cavity modes
and the lower loss region. For the smallest device size, rp = 3.25 µm, the
relative change in threshold current increases as the spreading parameter r2
increases. While this might seem counterintuitive at first glance, it is im-
portant to remember the anti-phase threshold current, and therefore active
region temperature, increases with r2 (Fig. 6.4), while the maximum carrier
density in the active region remains relatively constant. This means that the
addition of the DAP filter will have a greater effect on the overall waveguiding
properties of the structure, since the heat generated in the device decreases
as the square of Jth. The beam waist of the threshold cavity mode will de-
crease as the field-weighted refractive index becomes more uniform, further
increasing the overlap with the filter.
For the largest device, the addition of the DAP filter pillar has a large effect
on the threshold current when the current density is uniform, since the thresh-
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old mode is already the fundamental Gaussian (purple curve, Fig. 6.10(a)),
which overlaps well with the filter. However, if there is significant current
crowding at the edges of the active region, the DAP filter has a relatively
small effect due to the combined effects of a relative lack of carriers available
to contribute to gain in the center of the device as well as anti-guiding nature
of the waveguide in the central portion (solid red curve, Fig. 6.6(b)). As the
spreading parameter r2 decreases, the anti-guiding effect decreases and the
threshold mode number begins to hop downwards, resulting in the abrupt
increase in effectiveness as the filter size increases and the mode overlap
abruptly increases.
6.3 The DAP Filter on Proton-Implanted VCSELs
From the results of the field-weighted model introduced in this chapter, it is
clear that there is no single ideal configuration of the DAP filter on proton-
implanted VCSELs, simply due to their dynamic waveguiding properties
which are extremely sensitive to temperature and current crowding/spreading.
Whereas the built-in refractive index profile of the oxide-confined VCSEL
lends itself to repeatable and predictable mode control effects when the DAP
filter is deposited, the anti-phase proton implanted VCSEL is extremely sen-
sitive to a wide range of effects such as the ohmic contact location, resistivity
of the top DBR mirror (both from doping and mole fraction grading profiles
at the transition between two DBR half-pair bulk layers), and depth/dose
of the proton implantation itself. In fact, it seems that if the filter is going
to be used to facilitate the lasing of the fundamental mode on an anti-phase
structure, as opposed to suppressing higher order lasing on a phase-matched
device, it would be beneficial to funnel the current into a smaller central area
further away from the cavity in the top DBR mirror and have a series of
implants performed at depths approaching the cavity, increasing in radius.
This would serve to heat the device from the center axis as opposed to an an-
nulus but would not change the effective active region size too dramatically
(though the dissipated power losses in the structure would be higher). In
the end, it seems that in order to take advantage of the desirable features of
the proton-implanted VCSEL (ease of fabrication, single-mode over a larger
device size range, and better thermal dissipation properties), the DAP filter
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should be used to suppress higher-order mode lasing on phase-matched de-
vices, since the fundamental Gaussian mode is nearly always the first mode
to lase, even when current crowding and spreading are taken into account.
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CHAPTER 7
OUTLOOK
In summary, a new method for mode selection is described that eliminates
semiconductor etching or regrowth by utilizing the patterned deposition of
dielectric materials on the top surface of a VCSEL wafer to create or re-
duce spatially dependent out-of-phase reflections, thereby suppressing higher-
order mode lasing and creating preferential lasing of the fundamental mode.
This dielectric anti-phase (DAP) filter is an additive, non-destructive method
which allows for mode selection at any lasing wavelength and for any VCSEL
layer structure without the need for semiconductor etching or epitaxial re-
growth. It also offers the capability of designing a filter based upon available
optical coating materials.
On oxide-confined devices, the deposition of a three-layer, patterned, DAP
filter consisting of silicon dioxide (SiO2) and titanium dioxide (TiO2) results
in single-mode output powers greater than 3 mW at 850 nm with side-mode
suppression ratios (SMSRs) ≥25 dBm for all device sizes, with a maximum
single-mode output power greater than 3.5 mW before substrate removal and
heat-sinking [23] and 4.0 mW after In-bonding to a copper block. A Quasi-
3D model is developed to calculate mode-specific threshold properties with
the end goal of determining the optimal thickness values for each layer of
the dielectric anti-phase filter, as well as the ideal lateral filter dimensions of
the patterned layers. Relevant threshold properties that are calculated using
this method include the threshold material gain, optical confinement factor,
the threshold modal gain (a product of the threshold material gain and the
optical confinement factor), and the photon lifetime. On proton-implant
VCSELs, a two-layer, patterned DAP filter consisting of a blanket SiO2 layer
and a circularly patterned TiO2 layer designed to facilitate fundamental mode
lasing results in a single-mode output power of up to 3.498 mW with a SMSR
of 25 dBm [24]. A thermal-electrical-optical model is formulated that not
only explains the unique threshold modal behavior of the particular devices
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studied, but is also consistent with the results from prior proton-implanted
VCSELs in which the fundamental mode is the first to reach threshold by
using the field-weighted values of the refractive index and gain to better
account for the minimal overlap of the total standing wave with the active
region.
There are various paths towards improving the single-fundamental-mode
output power of devices utilizing the DAP filter and addressing the issues
that currently limit their performance. The most debilitating phenomenon
is spatial hole burning, in which a mode self-limits its output power due to
the depression of carriers in regions of high field intensity. While this is a
difficult issue to address, the effect can be limited to larger injection currents,
and thus higher single-fundamental-mode output powers, by improving the
injected carrier overlap with the fundamental mode. One potential method
for improving the current injection profile is through the use of Zn-diffusion
into the top p-type DBR mirror. The Zn acts as a p-type dopant in AlGaAs
and will increase the conductivity in those regions. As an added bonus, Zn
can also be used to disorder the top DBR in the regions overlapping the
higher-order modes [38], greatly increasing the modal loss by decreasing the
reflectivity. Since Zn-diffusion is an “inward” mode control method while the
DAP filter is an additive method that can be done post-processing, the two
methods can be combined (in particular on an anti-phase structure such as
the 850-nm VCSEL) to simultaneously facilitate the lasing of the fundamen-
tal mode, improve current injection uniformity in the active region (thereby
staving off spatial hole burning effects and reducing the threshold of the
fundamental mode), and further increase the higher-order mode losses.
Touched upon briefly in Chapter 3 was the idea of using spatially depen-
dent mirror loss with the specific goal of modifying the photon lifetime τp,lp of
a particular mode or modes. The effect of modifying τp,lp can be seen in the
damping rate γ, a limiting factor in the bandwidth of high-speed VCSELs:
γ = Kf 2r + γ0 (7.1)
where fr is the resonance frequency, γ0 is the damping factor offset, and K
is the K-factor, a figure of merit of high speed VCSELs. While this version
of the equation does not explicitly contain the photon lifetime, the resonance
frequency fr is proportional to 1/
√
τp,lp while the K-factor is directly propor-
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tional to τp,lp, meaning γ ∝ √τp,lp. Thus, a decrease in the photon lifetime
corresponds to a decrease in the damping factor and K-factor, which should
result in a larger 3dB bandwidth f3dB compared to the exact device with less
mirror loss.
While the effects of a changing photon lifetime on the small-signal mod-
ulation response of oxide-confined VCSELs have been studied for over half
a decade [71], an interesting comparison can be made for the same response
on purely proton-implanted VCSELs. In addition, with the ease of pattern-
ing and fabricating the DAP filter, along with the particular 850-nm VCSEL
layer structure used to fabricate the devices in this dissertation, a comparison
between single-fundamental-mode and purely higher-order mode modulation
can be made on devices of the same aperture size simply by changing the
shape of the filter from a pillar to an annulus.
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APPENDIX A
PROTON-IMPLANTED VCSEL MODEL
MATERIAL PARAMETERS
Table A.1: Material Parameters for the Thermal, Electrical, and Optical
Model of Proton-Implanted VCSELs
Parameter Value Unit
Temperature 298 K
kc,GaAs 46 W K
−1 m−1
kc,AlAs 80 W K
−1 m−1
dn/dT 4×10−4 K−1
Dn 100 cm
2 s−1
τs 2×10−9 s
d 8×10−9 m
ηsp 0.5
fsp 0.667
mn/m0 0.067
Ntr 1.5×1018 cm−3
a 4.5-6.5×10−16 cm2
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